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ABSTRACT 
 
 There are considerable interests in the use of infrared (IR) photodetectors, in particular mid- and 
long-wavelength IR detection, for diverse scientific, civil, and military applications. Devices based on the 
InAs/GaSb or InAs/InAsSb strained-layer-superlattices (SLSs) have gained special attention as the next 
generation IR photodetectors for replacing current technology based on mercury cadmium telluride. When 
in contact, InAs and GaSb (or InAs and InAsSb) forms the broken-band alignment (type-II), which gives 
rise to a narrow effective energy band gap in a short period superlattice, thereby making it suitable for 
detecting IR radiations of various wavelengths. The advances in epitaxial thin-film growth techniques, such 
as molecular beam epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD), have brought 
dramatic reductions in structural defects, such as misfit dislocations, that are strong carrier scatters and 
major device failure factors. However, despite the remarkable success in the growth of Type-II SLSs 
(T2SLs) in the form of dislocation-free thick layers, theoretical promises of high device performance of 
these structures have yet to be realized, primarily due to the Shockley-Read-Hall recombination process 
which shortens the minority carrier lifetime. The microscopic origin responsible for the short carrier lifetime 
is still unknown, which is a major impediment for the further improvements of SLS technologies. Thus, 
this thesis is motivated by the need of microscopic understanding of structure and defects in T2SLs. 
 A SLS is typically comprised of alternating lattice-mismatched layers, with thicknesses of the 
constituent layers on a few nanometer scale. Structural analysis at high spatial resolution is therefore 
mandatory in order to develop a detailed understanding of SLS structures. Here, scanning transmission 
electron microscopy (STEM) is used as a major tool for structural characterization of SLSs. In a STEM 
with a high angle annular dark field (HAADF) detector, the recorded real space image can be readily 
interpreted based on the peak intensities and peak positions as the intensity scales with the atomic density 
and atomic numbers to a good approximation. In particular, a probe forming spherical aberration corrector 
improves the spatial resolution of STEM to 1 Å or better, thus providing the resolving power for imaging 
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individual atomic columns. Here, HAADF-STEM, together with the advancement in image processing 
methods, are employed for quantitative structural analysis of InAs/GaSb and InAs/InAsSb T2SLs.  
 Among the results obtained by this research, first of all, a newly developed pattern recognition 
method revealed asymmetric interfacial sharpness and chemical intermixing in InAs/GaSb T2SL. A 
correlative study with atom probe tomography (APT) demonstrates segregation of Ga, In, and Sb, which 
are crucial information for the optimization of interface design.  
 Next, a combination of two dimensional Gaussian peak fitting and template matching based image 
processing is used to accurately determine atomic column positions in the recorded HAADF-STEM images 
and use this information to obtain two dimensional strain map with a measurement precision at picometer 
scale. Atomic resolution strain map provides a variety of structural information, such as relationship to 
composition (including interface chemistry and atomic segregation), and strain uniformity. Using this 
approach, the effects of interfacial engineering in the InAs/GaSb T2SL are studied. The results demonstrate 
that interface engineering improves the strain uniformity for both InAs and GaSb and reduces Ga and As 
concentrations at interfaces, which was further supported by chemical profiles obtained with electron 
energy loss spectroscopy (EELS).  
 Furthermore, the ability to quantify atomic column position at picometer precision has led to the 
investigation of point defects and their detection. The first principle study performed in this thesis 
demonstrates that vacancy defects induce >10 pm displacement of atomic columns in simulated STEM 
images while anti-site defects induce only a few pm displacements. Applying statistics analysis, both cation 
and anion vacancies as well as their locations and strain values within the InAs/GaSb T2SL, are identified 
from the experimental atomic resolution strain maps.  
 Lastly, strain mapping was also performed for the InAs/InAsSb T2SL. Recently, InAs/InAsSb, or 
Ga-free, T2SLs have gained significant interests since such devices show longer carrier lifetime and lower 
dark current level compared to the InAs/GaSb T2SL. Since the constituent layers share common cation (In), 
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the measured strain directly relates to anion variations, which allows for obtaining spatially resolved anion 
distribution across T2SL.  
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CHAPTER 1 
INTRODUCTION 
 
 This chapter introduces the motivation of studying the composition and atomic structure of 
InAs/GaSb strained-layer-superlattices designed for the mid-wavelength (MW) and long-wavelength (LW) 
infrared photodetectors. The chapter is organized as follows: the first section describes the characteristics 
of infrared radiation; the second and third sections review the two major material systems developed for 
MW and LW infrared detection, HgCdTe compound semiconductor and InAs/GaSb based superlattice; the 
last section discusses the need for structural characterization in these materials and thus the motivation of 
this thesis.  
   
1.1 Infrared radiation 
 Infrared (IR) radiation refers to a part of the electromagnetic spectrum where the wavelength extends 
from the long edge of the visible light spectrum at 750 nm to the microwave range at 1 mm. IR radiation is 
further sub-divided into several regions: the near IR (NIR) with wavelengths from 700 nm to 1 μm; the 
short-wavelength IR (SWIR) with wavelengths from 1 μm to 3 μm; the mid-wavelength IR (MWIR) with 
wavelengths from 3 μm to 5 μm; the long-wavelength IR (LWIR) with wavelengths from 8 μm to 12 μm; 
and the very long-wavelength IR (VLWIR) with wavelengths beyond 12 μm [1]. Table 1.1 summarized the 
spectrum of IR radiation. The wavelengths ranging from 5 μm to 8 μm are not defined here due to their 
large absorption by the Earth’s atmosphere, mainly water vapor, thereby making this part of spectrum less 
attractive for the IR devices.  
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Table 1.1 The Infrared spectrum [1]. 
 NIR SWIR MWIR LWIR VLWIR 
Wavelength [μm] 0.7 - 1 1 – 3 3 – 5 8 – 12 12 – 1000 
Photon Energy [eV] 1.77 – 1.24 1.24 – 0.41 0.41 – 0.25 0.16 – 0.1 0.1 – 0.001 
  
 The NIR and SWIR have been widely used for the alignment of telecommunications fibers, 
inspection of optical waveguides, and high temperature manufacturing processes [2]. The MWIR and LWIR 
are of great interest for military, industrial, and medical applications with applications in security, 
inspection, and examination purposes [1]. The major advantage of MWIR and LWIR is their high 
transmission through the atmosphere, so that the signals of the wavelengths inside these two windows are 
suitable for remote aerial detection applications. Figure 1.1 plots the atmospheric absorption bands, 
showing the reduced absorption by molecules in the air across the MWIR and LWIR wavelengths. Both 
the MWIR and LWIR detectors are being actively developed [1, 3, 4]. This thesis focuses on the structure 
characterization of IR photodetectors operating in MWIR and LWIR regimes.  
 
 
Figure 1.1 Atmospheric absorption bands [5]. 
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1.2 HgCdTe for IR photodetectors  
 Semiconductors have been extensively exploited for photon detection thanks to their bandgap- 
related high wavelength dependency and fast response. The tunability of the bandgap of the material is one 
of the key requirements in designing IR photodetectors in order to achieve the high sensitivity at certain 
spectral contents. Among the diverse range of semiconductor materials, mercury cadmium telluride 
(HgCdTe, also called MCT), has been most widely used for MWIR and LWIR detection [4, 6]. There are 
several advantages of using MCT for IR detection. First of all, MCT has a direct bandgap and a very high 
quantum efficiency and absorption coefficient for photon detection [4]. Further, as shown in Fig. 1.2, MCT 
provide a broad range of bandgap from 0.7 μm to 25 μm by simply changing the relative composition 
between HgTe and CdTe [4]. Secondly, the lattice mismatch between HgTe and CdTe is only ~ 0.3 %, 
which leads to only small changes in the lattice constant at various compositions [7]. This character is 
particularly helpful for growing high quality MCT layers and heterostructures without the need to change 
the substrate material for different film compositions.  
 
 
Figure 1.2 The band gap diagram of HgCdTe with composition [6]. 
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 However, the tenability of the MCT materials also comes with inherent disadvantages and challenges 
in their fabrication [1, 4, 6, 8]. Above all, it is extremely difficult to achieve uniform composition over a 
large device area due to the high vapor pressure of Hg. The bandgap of the material is sensitive to the Cd 
contents. Additionally, CdZnTe, a principal substrate in use because of the small lattice mismatch and the 
similar thermal expansion coefficient with MCT, is extremely expensive compared to the conventional IV 
or III-V semiconductors. Furthermore, toxicity of the MCT materials makes this system less favorable for 
the future applications in IR detection. Last but not least, the device performance of the MCT based IR 
photodetectors suffers from the high Auger recombination rate. Thus, the technical challenges of the MCT 
materials in the current IR detection technology and the need for continued improvements of device 
performance are the driving forces for the investigation of new material systems for the next generation IR 
photodetectors.  
 
 
Figure 1.3 Bandgap vs Lattice constant plot for III-V and II-VI semiconductors [4]. 
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1.3 InAs/GaSb Type II superlattices 
 A promising material candidate for MWIR and LWIR photodetectors is based the III-V 
semiconductor heterostructures comprised of alternating layers of InAs and GaSb in a superlattice structure. 
InAs/GaSb strained-layer-superlattices (SLSs) was first introduced by G.A. Sai-Halasz and co-workers in 
1977 [9]. Later, D.L. Smith and et al. proposed the use of SLSs as IR photodetectors in 1987 [10]. Figure 
1.3 shows the bandgap and lattice constant diagram for the III-V and II-VI semiconductors. The lattice 
constants of bulk InAs and GaSb are 6.0583 Å and 6.0959 Å, respectively, giving rise to only about 0.6 % 
lattice mismatch. This small lattice mismatch allows the growth of alternating layers of InAs and GaSb to 
a relatively large thickness without forming structural defects such as misfit dislocations or the related 
stacking faults. The InAs and GaSb heterostructures possess a special band alignment, where the conduction 
band edge of InAs has a lower energy level than the valence band edge of GaSb, which is called as a broken-
band alignment or Type-II (see Fig. 1.4 (b)) [10]. In the quantum well structure, the band alignment, called 
Type-I as shown in Fig. 1.4 (a), has the electrons and holes confined in the same component of the 
superlattice. Thus, the effective bandgap of Type-I superlattices largely depends on the bandgap of the bulk 
material, which in general has a larger bandgap due to the quantum confinement effect. In comparison, the 
band alignment in the InAs/GaSb Type-II superlattice (T2SL) has the electron states confined in InAs and 
the hole states in GaSb, separately, as depicted in Fig. 1.5, resulting in an effective band gap of the 
superlattice to be much smaller than the bandgaps of bulk InAs and GaSb. This unique feature makes the 
T2SLs attractive for narrow bandgap applications. When the thickness of each layers is thin enough, the 
wave functions of the electrons in the conduction band or holes in the valence band start to overlap, thereby 
creating so-called minibands as shown in Fig. 1.5 [3]. The overall structure thus shows the direct band gap 
property. Another unique and advantageous feature of T2SLs is the flexibility on tuning the bandgaps, 
which in turn determines the cut-off wavelength for IR detectors, by altering the widths of each layer. It 
covers a broad range of IR spectrum from SWIR to VLWIR.  
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Figure 1.4 Schematic diagram of energy band alignment of heterostructures, (a) Type I and (b) Type II. CB 
and VB stands for the conduction band and valence band, respectively. Blue and red dotted lines indicate 
the locations of electron and hole states, respectively. 
 
 
Figure 1.5 Type-II band alignment of InAs/GaSb SLS. 
A B A
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VB
A B A
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 An essential engineering parameter in the design of T2SLs is strain. Elastic strain, induced during 
the growth of SLSs, results in large separation between the heavy hole (HH) and light hole (LH) bands by 
an energy much larger than the effective bandgap of T2SLs, which eventually helps to suppress Auger 
recombination rate [11, 12]. Therefore, it has been predicted that the carrier lifetime of InAs/GaSb T2SLs 
can be significantly extended as compared to MCT whose performance is mainly limited by Auger 
recombination [13, 14].  
 
Table 1.2 Comparison between InAs/GaSb T2SL and MCT [4, 6, 8, 15, 16]. 
 InAs/GaSb T2SL MCT 
Advantages 
- Adjustable bandgap (3 ~ 10μm) 
- Direct bandgap 
- Comparable absorption coefficient 
- Low dark current thanks to heavy ݉௘∗  
(0.031݉௢ vs 0.009݉௢ in MCT ) 
- Compatibility with current III-V 
industrial base 
- Weak dependence of Eg on 
composition and thickness 
- Flexible design parameters 
- Reduced Auger recombination rate 
- Adjustable bandgap (0.7 ~ 25μm) 
- Direct bandgap 
- High quantum efficiency 
- High Absorption coefficient 
- Moderate thermal coefficient of 
expansion 
Disadvantages 
- Strain balancing 
- Complex interface bonds 
- Short carrier life time 
- High vapor pressure of Hg: uniformity 
issue 
- Bandgap is sensitive to Cd contents  
- Toxicity of Hg, Cd 
- High Auger recombination rate 
 
 
 There are several potential advantages of T2SLs compared to the conventional MCT alloy for MWIR 
and LWIR detection [13, 17]. First of all, because the electron effective mass of T2SLs is much heavier 
than that of MCT, the diode tunneling current is dramatically reduced, which offers a lower dark current 
and allows higher operating temperatures. The effective energygap of T2SLs tends to less sensitive to 
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variations in composition and thickness than the MCT, for LWIR detection. T2SLs thus offer more 
tolerance to growth parameters than MCT. In addition, different T2SL designs are available for a fixed 
bandgap energy and hence the same cut-off wavelength. Therefore, different T2SL designs can be selected 
for different purposes with the optimized device performance. Examples include high absorption coefficient, 
lower dark current level with higher effective mass of carriers, and ease of strain balancing. The major 
advantages and disadvantages for T2SL and MCT are summarized in Table 1.2. 
 
1.3.1 Epitaxial growth 
 The word epitaxy is a popular concept in thin film growth community. It refers to the process of 
growing a single crystal on top of a single crystalline substrate. There are two types of epitaxy, homoepitaxy 
and heteroepitaxy. Homoepitaxy indicates that the film is grown on the substrate of the same material while 
the growth of the film that is different from the substrate is referred to as heteroepitaxy. The epitaxial growth 
is not limited to one layer of thin film on the substrate. Epitaxial growth methods, such as molecular beam 
epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD), enables the growth of different 
kinds of thin films on top of each other in the form of quantum wells [18]. These heterostructures with high 
crystallinity show unusual physical properties which cannot be obtained with the constituent materials.  
 The schematic of heteroepitaxy is given in Fig. 1.6. A film with its bulk lattice constant of ܽ௙ is 
deposited on a substrate with its bulk lattice constant of ܽ௦. The difference in lattice constants between the 
film and the substrate induces mismatch strain, also known as lattice mismatch, which is defined as [19] 
 
ߝ௠ ൌ 	 ௔ೞି	௔೑௔೑                                                                    (1.1) 
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 During the early stage of film formation, the film grows on top of the substrate in a pseudomorphic 
way with a lateral lattice constant in compliance with that of the substrate. In this case, the lattice mismatch 
is accommodated by elastic strain in the film, thereby resulting in tetragonal distortion along the growth 
direction and changing the out-of-plane lattice constant according to its Poisson’s ratio. As the thickness of 
the film increases, the elastic strain energy in the film also increases. 
 
 
Figure 1.6 Schematic of heteroepitaxial thin film growth. 
 
 When the thickness of the film exceeds a certain value, the critical thickness, the lattice mismatch 
strain is relieved by the formation of dislocations. The structural defects is generally undesirable for high 
performance in most thin film based device applications. Therefore, it is extremely vital to maintain the 
film thickness smaller than the critical thickness, so that the strained film is energetically stable. 
 The growth beyond the critical thickness is made possible with new type of epitaxial growth. A 
periodic structure of alternating thin lattice-mismatched layers can be created without generating misfit 
dislocations under the condition that each layer thickness is below the critical thicknesses. This structure is 
referred to as a strained-layer superlattices (SLSs) [20, 21]. The lattice mismatch in SLSs is completely 
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accommodated by the elastic strain. There are many degrees of freedom in designing SLSs, such as 
compositions and thicknesses of each lattice-mismatched layer, which can be selected independently of the 
lattice constant. As a result, the SLSs provide a number of interesting electronic and optical properties 
which are beneficial for the optimized device applications. To date, SLSs have been extensively studied 
and used for diverse semiconductor devices; InAs/GaSb for IR photodetectors [16]; InAs/GaAs for field 
effect transistors (FETs) [22]; AlGaN/GaN for high electron mobility transistors (HEMTs) [23]; 
AlInAs/GaInAs for quantum cascade lasers [24].  
  
1.3.2 Material issues 
 An essential structural property, critical to device performance of InAs/GaSb T2SLs, is interface 
quality which is often evaluated in terms of chemical sharpness and interfacial bonds. Ideally, the 
composition of each layer needs to be sharply defined as the alternating layers grow. However, the kinetic 
growth model proves that the chemical intermixing between InAs and GaSb and associated strain variation 
is unavoidable at elevated growth temperatures during MBE or MOCVD [25]. In addition, since InAs/GaSb 
T2SL has no common cations or anions, complex chemical compositions of GaAs-like, InSb-like, or a 
mixture of InxGa1-xAsySb1-y are formed at interfaces. Figure 1.7 shows a model structure of InAs/GaSb 
T2SL without considering chemical intermixing. Depending on growth recipes, GaAs-like or InSb-like 
bonds can be formed, but both are not favorable for strain balancing due to high lattice mismatch with 
respect to the substrate, GaSb at ~ 7 %. Note that a typical IR detector is on the order of a few um thick, 
consisted of several hundreds of superlattice periods. This indicates that the interfaces account for a large 
volume of InAs/GaSb T2SLs. The interface properties are thus of great importance for determining device 
performance of IR photodetectors. Although high quality InAs/GaSb T2SLs free of misfit dislocations can 
be grown with current growth technology, further improvement of the growth with precise control of 
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chemical composition in the nominal InAs, GaSb and interfaces is critical to realize the promised device 
performance for IR photodetectors. 
 One of the major material issues in InAs/GaSb T2SLs is the short minority carrier lifetime [26]. The 
promise of high performance of InAs/GaSb T2SLs in comparison to MCT is based on relatively slow Auger 
recombination rate as discussed above. Because of this, InAs/GaSb T2SLs have been expected to offer 
better device performance at high temperatures. Despite considerable advances in InAs/GaSb T2SLs, the 
promised long carrier lifetime has not been realized. Researchers demonstrate that the difference between 
theoretically calculated and experimentally measured carrier lifetime is attributed to Shockley-Read-Hall 
(SRH) process [26-28]. This recombination mechanism arises from the structural defects whose energy 
level is located within the energy bandgap. Svensson and his co-workers recently reported that the carrier 
lifetime decreases as the content of GaSb increases, concluding that native defects inside GaSb layers might 
act as carrier recombination centers [29]. This study stimulates the use of InAs/InAsSb SLS, so-called Ga-
free T2SL, to enhance the carrier lifetime, and a study by Steenbergen and her co-workers experimentally 
demonstrated the significant improvement of carrier life time at 412 ns at 77 K [30]. However, the device 
performance made of these structures are still inferior to that of MCT.  
 
 
Figure 1.7 Atomic model structure of InAs/GaSb SLS. 
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1.4 Motivation 
 While T2SLs with high structural quality and low defect density have been reported by several 
research groups [31-33], there are still several structural properties, such as interfacial sharpness, interface 
chemistry, strain, and defects, which need to be determined in order to fully understand the structure-
property relationship and potentially improve the device performance. Multiple structural characterization 
methods have been used to study the structure of InAs/GaSb T2SLs. These include x-ray diffraction (XRD) 
[34, 35], scanning tunneling microscopy (STM) [36, 37], transmission electron microscopy (TEM), and 
atom probe tomography (APT) [38, 39]. Those techniques are, however, mainly limited by their spatial 
resolution ranging from nanometers to microns. For T2SLs with a period consisting of only a few nm thick 
constituent materials, an analysis method with atomic resolution is required to reveal atomic structures and 
defects in more details.  
 In this thesis, quantitative analysis of structural properties of T2SLs have been performed using an 
aberration corrected scanning transmission electron microscopy (STEM) and a high angle annular dark 
field detector (HAADF). Atomic resolution HAADF-STEM images with a newly developed image 
processing technique allow for the determination of atomic column positions with high spatial resolution 
and measurement precision, with which we perform strain mapping at sub-unit cell resolution. Strain, 
induced during the epitaxial growth, plays a vital role in determining the electronic structure of 
heterostructures in general [40, 41]. Therefore, engineering of strain and understanding its effects on the 
device structure become an essential subject of research for T2SLs. In addition, these techniques enable the 
detection of point defects with detailed information such as its type and position within T2SLs, which is of 
great importance to overcome the fundamental obstacle in T2SLs, short carrier lifetime. Besides STEM 
based analysis, XRD and APT have been used as complementary techniques to determine the averaged 
lattice constant, strain, periodicity, and interfacial sharpness of T2SLs.  
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1.5 Summary 
 In this chapter, we have introduced the materials for IR photodetectors and technological barriers 
that stimulate a great deal of research efforts. We have also discussed the motivation to investigate III-V 
semiconductor based T2SLs with a novel analysis method using an aberration corrected STEM and image 
processing approach. In Chapter 2, the experimental techniques used in this thesis are discussed. Chapter 3 
presents atomic resolution study of interfacial sharpness and segregation in InAs/GaSb T2SLs using 
HAADF-STEM images. For the correlative study, atom probe tomography (APT) has been used to reveal 
the chemical profiles for individual chemical species. Chapter 4 introduces the image processing method 
based on template matching algorithm for high spatial resolution strain mapping. Direct comparison with 
the direct Gaussian fitting method reveals that our method shows better precision in strain measurement. In 
chapter 5, we demonstrate the determination of atomic point defects in InAs/GaSb T2SLs with picometer 
precision, which reveals both anion and cation vacancies. Chapter 6 discusses the effect of interfacial 
engineering on the structural properties of InAs/GaSb T2SLs. In Chapter 7, we demonstrate high spatial 
resolution strain mapping using the unconventional projection imaging of the Ga-free, InAs/InAsSb T2SL. 
In Chapter 8, the summary of this thesis and the future research directions are presented.  
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CHAPTER 2 
EXPERIMENTAL METHODS 
 
 This chapter provides an introduction to the experimental methods used in this thesis to study 
InAs/GaSb and InAs/InAsSb T2SLs. The methods include scanning transmission electron microscopy, 
electron energy loss spectroscopy, and cross-sectional TEM sample preparations. 
2.1 Scanning Transmission Electron Microscopy 
2.1.1 Introduction 
 Transmission Electron Microscopy (TEM) is a major characterization tool for studying the structure 
of a broad range of materials with applications in chemistry, physics, and materials science, by providing 
capabilities including high resolution imaging and atomic scale chemical analysis [42]. In TEM, electrons 
are first emitted and then accelerated at high voltage, typically from 100-300 kV, and then shaped into a 
parallel beam by the TEM condenser lenses. The beam is illuminated on a thin sample (<100 nm thick) and 
parts of the beam transmits through the sample. The incident electrons interact with both core and valence 
electrons of the atoms or ions, as well as their nuclei, in the sample, which gives rise to elastic and inelastic 
scattering that separates scattering events with no energy loss or measurable energy loss, respectively. Both 
types of scattering give out useful structural and composition information about the sample. Inelastic 
scattered electrons are utilized to obtain information about chemical composition or atomic bonding states 
of the sample using the analytical techniques, such as energy dispersive X-ray (EDX) and electron energy 
loss spectroscopy (EELS). In conventional TEM (CTEM), high resolution images are formed by collecting 
the coherent or partially coherent elastic scattered electrons emerging from the exit surface of a very thin 
sample. The intensity in the final image relies on phase differences and interferences between the scattered 
electron wave functions. Thus, high resolution TEM (HRTEM) imaging is often referred to as coherent 
phase contrast imaging. 
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 Scanning Transmission Electron Microscopy (STEM) is another powerful technique for high 
resolution imaging, as first demonstrated by Crewe for imaging individual atoms [43]. This technique 
started with special instruments in a few laboratories; it is now well-established and becomes increasingly 
essential in structural determination of materials at high spatial resolution and analytical sensitivity. The 
key in STEM is to form a focused electron probe with a small diameter of ~ 1 Å and place it on the surface 
of the sample. The principle is very similar to scanning electron microscopy (SEM) in that the imaging is 
serial , however, they rely on different electron signals for imaging: SEM uses secondary or backscattered 
electrons; STEM mainly uses electrons transmitted through a thin sample [44]. Figure. 2.1 displays the 
schematic of STEM, showing various detectors including a bright field detector (BF), a high angle annular 
dark field detector (HAADF), and electron energy loss spectroscopy (EELS). Not shown are the condenser 
lens and objective lens, which are used for the demagnification of the electron cross-over from the electron 
source and focusing the electron beam, respectively. As the electron beam is focused by the objective lens 
and scanned over the sample by scan coils, various electron signals scattered by the atoms in the sample 
are collected by different types of detectors as a function of the electron probe position. 
 
Figure 2.1 (a) Schematic of STEM. (b) and (c) BF and HAADF images of BaTiO3. 
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 The transmitted electrons and small angle scattered electrons (scattering semi-angle < 10 mrad) are 
gathered by the BF detector, forming the interference pattern as is the case of CTEM based on the principle 
of reciprocity [45]. The HAADF detector is used to collect electrons scattered at high angle (> 50 mrad), 
where the magnitude of electron scattering from each atomic column is proportional to the power of the 
average atomic number of the atoms in the column, hence HAADF image is often referred as to Z-contrast 
image. The BF and HAADF images of BaTiO3 recorded along the [001] zone axis are displayed in Fig. 2.1 
(b) and (c) as an example. Since the BF detector collects the transmitted electrons, the hole between atomic 
columns appears bright. On the other hand, in the Z-contrast image, the atomic column, which acts as a 
strong electron scatterer, appears bright. Lastly, EELS detects the characteristic energy loss of scattered 
electron, which provide the chemistry and electronic structures of materials. Other types of signals are also 
available in STEM: x-ray, secondary electrons, cathodoluminescence, and electron beam-induced current 
[44]. Thus, each detector allows for different but complementary information about the material and enables 
a comprehensive study on crystal structure, composition, and local electronic structures. Among various 
imaging modes available in STEM, in the remainder of this section, particular attention will be paid to the 
principle behind the probe formation, Z-contrast image formation and aberration correction.  
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2.1.2 Probe formation 
 The key for high resolution imaging in STEM is the formation of small and intense electron probe at 
the surface of the sample. In STEM operation, electrons from the source (electron gun) are first demagnified 
by the condenser lens to form the image of the electron source. It is then focused by the objective lens to 
form the electron probe. Therefore, the electron source and every lens operation in the probe forming optics 
before the sample are crucial for the formation of a highly focused electron probe.  
 Several types of electron sources operating based on different physical principles of electron 
emission are available in (S)TEM. Their characteristics are listed in Table 2.1 [44]. Among those, field 
emission guns are indispensable for STEM because of its small source size and the related coherency. A 
cold field emission gun (CFEG) has the smallest source size at around 5 nm and also smallest energy spread, 
which provides high energy resolution in EELS. A thermal field emission gun, or a Schottky gun, has 
slightly larger source size and energy spread than those of CFEG, but it provides high emission current 
which is very useful in high resolution imaging as it enhances the signal-to-noise ratio in the final image.  
 
Table 2.1 Characteristics of electron source [44]. 
 Source size Energy spread FWHM (eV) 
Brightness at 100 kV 
(Asr-1cm-2) 
Total emission  
current (μm) 
Tungsten filament 30 μm 2 5 X 105 100 
LaB6 10 μm 1 5 X 106 50 
Schottky emission 100 nm 0.6 5 X 108 100 
Cold field emssion 5 nm 0.3 2 X 109 5 
 
 
 Another important factor for defining the electron probe size is electron lens aberrations, specifically 
the aberrations of the objective lens, such as spherical aberration, chromatic aberration, coma, and 
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astigmatism. In particular, the objective spherical aberration has the greatest impact on defining the width 
of the electron beam that ultimately determines the image resolution. In a perfect optical system, a point in 
the object would be imaged to a corresponding point in the image as shown in Fig. 2.2 (a). However, in 
practice, due to spherical aberration of the electron lens and aperture diffraction, the image is broadened. 
Electrons passing through the electron lens at high angle are brought to a focus a certain distance before the 
image plane (see Fig. 2.2(b)). As a result, the least blurred image is formed not at the Gaussian image plane 
but at a short distance in front of it, and it is called the disc of least confusion [46].  
 
       
Figure 2.2 (a) Schematic of the perfect lens without spherical aberration. (b) Illustration of electron path 
affected by spherical aberration, forming a point spread disc.  
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 The change in the electron path due to lens aberrations gives rise to a phase shift for each electron 
plane wave, which in case of the objective lens is dominated by the defocus and spherical aberration in the 
form of 
  2 431( ) ( )
2 S
K f K C K       ,                                            (2.1) 
 
where λ is the electron wavelength, f is the defocus, SC  is the coefficient of spherical aberration, and K  
is the transverse component vector of the electron wave in the reciprocal space [46, 47]. Not included are 
high-order spherical aberration coefficients, coma, and astigmatism (two-fold astigmatism can be corrected 
in TEM). As anticipated from the equation, the effect of spherical aberration can be compensated by a 
negative defocus value, the optimum defocus is often called the Scherzer defocus [48], which obtained by 
weakening the objective lens. Although the underfocus condition can balance off spherical aberration of 
the objective lens to some degree, it does not effectively correct other lens aberrations, such as the 
coefficients of fifth- and seventh-order spherical aberrations.  
 To prevent aberrations caused by high angle incident electrons, a finite sized objective aperture is 
used in STEM operation. Therefore, the actual probe function is determined by combining the contribution 
from the partial electron waves within the objective aperture with the phase shift term (2.1). As a result, the 
wavefunction of the probe in the object plane is the integral of all the partial electron waves within the 
objective aperture and can be expressed as follows  
 
   ( ) ( ) exp ( ) exp 2P R A K i K i K R dK    ,                                    (2.2) 
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where ( )A K  has a form of delta function, describing the size of the objective aperture, R  is the transverse 
component vector in real space [46, 47]. In STEM, the probe is scanned across the sample by a set of 
magnetic scan coils. To describe the probe movement, a shift term should be inserted into equation (2.2) 
     0 0( ) (K) exp ( ) exp 2 exp 2P R R A i K i K R i K R dK        ,                (2.3) 
where 0R  is the probe position.  The probe intensity function is then obtained by taking squared of P(R) 
[46].  
 
2.1.3 Image formation: coherent vs incoherent 
 In STEM, the electrons scattered by the sample fall into a set of detectors with different detection 
angular ranges. For high resolution imaging, a HAADF detector is used to collect electrons scattered at 
high angle and integrate over a wide angular range with the angle being an order of magnitude larger than 
Bragg reflections [48, 49]. The scattering cross-section for this event approaches the Rutherford scattering 
with Z2 dependence, where Z is the atomic number [48, 50]. Therefore, the intensity of the final image 
depends on the atomic number of the atoms at which the electron probe is illuminated, providing strong 
chemical sensitive contrast.  
 The principle of image formation in HAADF-STEM is fundamentally different from that in CTEM. 
The previous section describes CTEM imaging as phase contrast imaging using coherent elastic scattered 
electrons and their interferences. The coherent plane electron wave is first scattered by the atoms in the 
sample, and the exit face wave function, ψ(R), representing the structure of the sample, is then magnified 
by the objective lens and a set of subsequent lenses (projection lens) to form an image. The image in CTEM 
is a result of a convolution of ψ(R) and P(R), where P(R) is often called a point-spread function, representing 
how each point in the object is transferred to each point in the final image [44, 47, 48]. Therefore, the 
intensity of the image is mathematically expressed as  
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2( ) | ( ) ( ) |I R P R R  .                                                      (2.4) 
 
As seen in above equation, the intensity involves a convolution of amplitudes from two functions, ψ(R) and 
P(R), so that the intensity highly depends on relative phase relations between ψ(R) and P(R). As a result, 
the contrast can be reversed by changing the defocus (change in P(R)) or thickness variations (change in 
ψ(R)), which prevents the direct interpretation of the image contrast. Comparison with the image simulation 
with various experiment parameters, such as electron energy, defocus, thickness of the sample, and 
aberration, can help interpret the experimental image.  
 Unlike CTEM, a Z-contrast image is formed by collecting incoherent scattered electrons at high 
angles and integrating the intensities of scattered electrons. For this, a HAADF detector, which is placed in 
the diffraction plane, is used to prevent the coherent Bragg reflected electrons from reaching it, providing 
almost perfect incoherent characteristics [51]. Wang and Cowley first proposed that the image obtained 
with high angle scattered electrons is dominated by thermal diffuse scattering (TDS) or phonon scattering 
[52]. Pennycook and Jesson further demonstrated that TDS is the main contributor for Z-contrast imaging 
with high scattering angular range [51]. The intensity from a single atom at high scattering angle can be 
approximated as 
 
2 2( ) ( ) 1 exp( 2 )TDS eI s f s Ws                                                      (2.5) 
 
where ef is the atomic scattering factor, W  is the Debye-Waller factor, and s  is a term describing the 
scattering angle, equal to sin /  , where   is the wavelength of the electron [53].  
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 By definition, incoherent scattered electrons do not retain any phase relationship between each other, 
so the total intensity of incoherent scattering is proportional to the sum of individual scattered intensities 
[49].  Therefore, the intensity in Z-contrast images can be formulated by a convolution of the object function 
with the probe intensity profile 
 
2( ) ( ) | ( ) |I R O R P R                                                              (2.6) 
 
where O(R) is the objective function representing the scattering cross section of the object peaked at the 
atomic columns [46, 47]. Compared to equation (2.4), the intensity here is a convolution of intensities of 
two function rather than amplitudes (Note that the object junction is positive). Phase interferences are thus 
irrelevant in Z-contrast imaging, so contrast reversal due to change in defocus and thickness of the sample 
does not occur. Another crucial feature of Z-contrast imaging is that the spatial resolution is largely 
determined by the probe size since the extent of the object function is only a few tenths of an angstrom [44]. 
A schematic of Z-contrast imaging is well depicted in Fig. 2.3 from ref [50]. It shows how the probe size 
affects the resolution of the final image. As discussed above, the broadening of the probe is largely affected 
by lens aberrations. Since Scherzer first suggested that the lens aberration can be corrected by introducing 
multipole magnetic lens [54], there have been significant research efforts to develop aberration correctors 
and ultimately achieve the atomic resolution.  
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Figure 2.3 Schematic of image formation in STEM with two different sizes of electron probes [50]. 
 
2.1.4 Lens aberrations and aberration correction 
 All the functionalities in TEM are based on the performance of electromagnetic lenses, from image 
formation and magnification in CTEM to the electron probe focusing in STEM. Among all the 
electromagnetic lenses in a modern electron microscope, the objective lens is most critical since it is the 
first lens after the sample in CTEM or the first lens above the sample in STEM. However, the 
electromagnetic lenses have intrinsic imperfections or aberrations, e.g., spherical and chromatic aberrations 
and astigmatism [48]. The spherical aberration arises from inhomogeneous fringe magnetic fields acting on 
electrons traveling at different distances from the optic axis. Since the refraction power of the lens increases 
as the electrons pass further away from the optic axis, electrons traveling at a high angle to the optic axis 
comes to a premature focus. Another source of imperfections in the electromagnetic lens is chromatic 
aberration caused by variation in the electron energy. Ideally, electrons of a single wavelength (or 
monochromatic) are desirable for coherent imaging. The variation in the electron energy, however, come 
from several sources, which include the fluctuation of the high-voltage supply, the energy loss by the 
interaction with the sample, and the fluctuation of the lens current as well as the electron source energy 
spread [42]. Electrons with a range of energies are reflected by the electromagnetic lens at different angles, 
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for example, the low energy electrons are bent more strongly than the high energy electrons. Therefore, the 
effects of chromatic aberration is somewhat similar to a change in focus. Because of the range of focus 
introduced by chromatic aberration, a point in the object is blurred in the image plane. Last, astigmatism is 
caused by asymmetry of the magnetic field due to deviation from the perfect rotational symmetry of the 
iron polepieces comprising the electromagnetic lens, microstructural inhomogeneities of the iron polepieces, 
and misalignment of the lens aperture [48]. Among three major aberrations, spherical aberration is the most 
deleterious resolution-limiting factor in STEM. In what follows, a brief review for spherical aberration 
correction will be given.  
 In 1936, Scherzer proved that the rotationally symmetric optical system, e.g., electromagnetic lenses, 
always suffers from spherical aberration with positive values in the unit of dimension [55]. The idea for 
aberration correction in an electron microscope is to introduce negative spherical aberration to compensate 
positive spherical aberration of the objective lens, which was proposed first by Scherzer in 1947 [54]. The 
negative spherical aberration cannot be introduced with rotationally symmetric lenses (Scherzer theorem), 
thus the principle behind negative spherical aberration is to break the rotational symmetry by using 
multipole lenses, which is the basis of current aberration correctors [56]. Figure 2.4 shows different types 
of multipole lens: quadrupole; hexapole; octupole. The significant difference between multipole and round 
(i.e. rotationally symmetric) lenses is the direction of the magnetic field acting on electrons: perpendicular 
to the electron beam for multiple lens and parallel to the electron beam for round lens. As a result, the 
multipole lens deflects the electron beam to a desired direction normal to the optic axis while the round lens 
causes the electron beam to spiral around the optic axis.  
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Figure 2.4 Schematic of multipole lenses. The black dotted arrows indicate the Lorentz force resulting from 
the magnetic fields. The blue is the original electron beam before traveling through the multipole while the 
red is the electron beam shape affected by the multipole lenses [56, 57]. 
 
 The quadrupole leads to focusing the electron beam in one transverse axis and defocusing it in 
perpendicular direction, producing a line focus (see the elliptical electron beam shape in Fig.2.4 (a)) [56]. 
In a hexapole, the magnetic field is in proportion to r2, where r is the distance from the optic axis. Electrons 
travelling through a hexapole, either left or right sides with respect to the optic axis, are deflected to the 
same direction, and those electrons further from the optic axis are deflected more, thereby compensating 
excessive convergence of the objective lens due to positive spherical aberration [49]. Last, the octupole has 
a magnetic field that increase as r3. It causes negative spherical aberration along two axis, but 
simultaneously produces positive spherical aberration along another two axes at 45 degree to the former 
axes [56, 57]. No single multipole system can be a solution for aberration correction of the objective lens. 
In practice, a combination of multipoles are used to compensate the parasitic distortions from each 
multipole. There are two commercially available aberration correctors: a quadruple-octupole (QO) system, 
first proposed by Scherezer in 1947 [54]; a hexapole corrector, constructed by Haider [58] following a 
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proposal by Rose [59]. In QO correctors, a quadruple forms a line focus in such a way that it is aligned 
along the axis with negative spherical aberration created by an octupole. A series of quadruples and 
octupoles are used to correct spherical aberration along different directions and finally leaves a round 
electron beam. The operation of hexapole correctors relies on the use of two hexaploes which are placed 
out-of-phase to each other, so that the effect of threefold astigmatism from each hexapole can be cancelled 
out. Details of corrector operations can be found in ref [56, 60], which is beyond the scope of this thesis.  
 Recent advances in aberration correction in electron optics have brought dramatic improvements in 
the field of structure characterization in both TEM and STEM. In particular, the aberration corrector for the 
probe forming lens in STEM enables the formation of electron probes with FWHM at the sub-Å regime, 
which is sufficient to resolve a pair of nearest atomic columns along the primary crystallographic directions 
in diverse material systems [61, 62]. A new generation of aberration correctors offers correction of the high-
order spherical aberrations, and allows for imaging with a spatial resolution at sub-50 pm [63]. In addition, 
with an aberration corrector, a larger objective aperture can be used, leading to increased probe current and 
subsequently better signal-to-noise level in the final image [46]. Another key benefit of the aberration 
corrector is that it allows spectroscopic analysis at atomic resolution simultaneously performed with Z-
contrast imaging [64-66]. Most of experimental images in this thesis were obtained with an aberration 
corrected STEM. As pointed out in the previous chapter, the challenge in InAs/GaSb or InAs/InAsSb T2SLs 
is not only to obtain their bulk composition or thicknesses, but also to determine interface chemistry, spatial 
distribution of strain, and point defects. These information can only be determined at the atomic scale. 
Aberration corrected STEM has been therefore used as a primary characterization tool for this thesis, and 
combined with post-image analysis techniques, the quantitative structural information is obtained.  
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2.2 Electron Energy Loss Spectroscopy 
 Electron energy loss spectroscopy (EELS) is the technique to measure the energy distribution of the 
electrons after they have interacted with the sample through inelastic scattering events [67]. Signals 
obtained with EELS convey information about chemical species and nature of bonding states of the 
elements in the sample. EELS works by dispersing the scattered electrons from the sample according to 
their velocity or energy. The energy dispersion can be obtained by the use of two different kinds of EELS 
spectrometers: a post-column spectrometer placed below the post-specimen detectors; an in-column omega 
filter (named after the shape of electron paths through the spectrometer) placed in between the intermediate 
and projection lenses [45]. The resulting spectra show the scattered intensity (related to the number of 
electrons) as a function of the energy loss. 
 Inelastic scattering in (S)TEM results from coulomb interaction between the incident electrons and 
electrons in the sample (atomic electrons) [67, 68]. A portion of the kinetic energy of the incident electron 
beam, typically ranging from a few electron volts (eV) to a few thousands of eV, is converted to atomic-
electron excitation [45]. One of excitation mechanisms is plasmon excitation, which arises from coupling 
between weakly bound conduction and valence electrons as a result of the electrostatic force induced by 
the incident electron beam. The energy loss by plasmon excitation ranges from 3 to 25 eV [45]. Another 
source of inelastic scattering is the ionization of electrons in inner atomic shells, which is often called core-
electron excitation. Typically, core-electron excitation results in electron energy loss greater than a hundred 
eV, giving rise to ionization edges in the resulting spectra. Since the ionization energies for each element 
are different from each other, the ionization edges provide a robust signature for the chemical species and 
can be used to identify and quantify the elements in the sample [67]. Last, the core loss ionization edge is 
attributed to the excitation of electrons in the core shells to unoccupied high energy states, hence it provides 
the information of the density of states (N(E)) in the conduction band [68]. Thus, the information about the 
electronic structure and bonding states can be gained by inspecting the overall shape of the edge as well as 
the fine features.  
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 In this dissertation, the elemental analysis of InAs/GaSb T2SLs has been performed with EELS. In 
an aberration corrected STEM, EELS data from the region defined by the electron probe with sub-Å scale 
can be used to identify and quantify the elements in the material at atomic resolution. In particular, a 
spectrum was collected by scanning the focused electron probe, giving rise to a spectrum image couple with 
a Z-contrast image. The compositional profiles for each element are obtained with the post-peak fitting 
process and calibration, and from this compositional information, the strain profile across a few superlattice 
period is obtained. The experimental results using EELS data will be discussed in Chapter 6.  
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2.3 Instruments 
 In this thesis, three types of electron microscopes were used to study InAs/GaSb and InAs/InAsSb 
T2SLs. A JEOL 2200FS at the Frederick Seitz Materials Research Laboratory in University of Illinois at 
Urbana-Champaign was used to perform atomic resolution Z-contrast imaging. It is equipped with a 
Schottky field emission gun and a 3rd order spherical aberration probe corrector based on two hexapole 
lenses and in-column omega energy filter. For the highest spatial resolution at ~1 Å, an accelerating voltage 
of 200 kV with a probe semi-convergence angle of 26.5 mrad (with a 30 μm condenser aperture) was used.  
 A FEI Titan microscope at MINATEC, Grenoble, France, equipped with a probe spherical aberration 
corrector was used to obtain atomic resolution Z-contrast images, which have been a basis for the 
quantitative image analysis for chemical intermixing and strain mapping. The Z-contrast images were 
recorded at an accelerating voltage at 300 kV and with a probe size of 0.7 Å. The major advantage of the 
microscope is high spatial resolution and enhanced signal-to-noise ratio thanks to high electron energy, 
aberration correction, and stable room environment, which is essential for constructing high resolution 
strain map on an atomic column basis. The details of experimental results will be present throughout the 
following chapters.  
 A Nion UltraSTEM 60-100 dedicated STEM at shared research equipment user facility, Oak Ridge 
National Laboratory, Oak Ridge, TN was operated at an accelerating voltage at 100 kV and used for high 
resolution Z-contrast imaging and EELS. The microscope is equipped with a 3rd generation C3/C5 probe 
aberration corrector, providing the spatial resolution of ~1 Å at 100 kV, and it uses the ultra-stable sample 
stage, which is essential for both recording Z-contrast images with least image distortions and obtaining 
atomic resolution EELS spectrum images. In previous efforts using 200 and 300 kV electrons, irradiation 
damages to T2SLs, especially the GaSb layers, have been observed during EELS experiments, which place 
a limit on the long acquisition time for 2D spectrum imaging. The 100 kV electron beam helps to reduce 
electron-induced damages without significant degradation of the image resolution. In addition, the Gatan 
Enfina EELS installed in a Nion UltraSTEM 60-100 has a wide dynamic range covering the energy losses 
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of four elements (In, As, Ga, and Sb) of interests. Therefore, the microscope allows us to obtain low and 
high energy loss data from the sample location as Z-contrast imaging, thus enabling a correlative study of 
imaging and spectroscopy data of T2SLs.  
  
2.4 Sample preparation 
 For cross-sectional (S)TEM observation, the thin film was cut normal to either (110) or (100) plane 
of the substrate into a thin slice with a diamond wire saw. The two thin slices are glued with M-bond and 
cured at 120 ˚C for 8 hours. It is followed by mechanical polishing using diamond lapping films and an 
Allied High Tech Multiprep to the thickness of approximately 15 μm. The sample is further thinned to 
electron transparency by ion milling (Gatan Precision Ion Polishing System) using 3.0 and 1.5 kV Ar ions 
at the glancing angle of ±7˚. While ion milling, the sample is cooled with liquid nitrogen to avoid ion beam-
induced damages. To remove the residual molecules and contamination onto the sample surface, the sample 
is then plasma-cleaned with the forming gas (Ar and O2) for 5 minute prior to loading into the microscope 
(JEOL 2200FS and FEI Titan). While using a Nion UltraSTEM 60-100, the contamination removal process 
is performed by heating the sample at >100 °C for 10 hours under the vacuum. 
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CHAPTER 3 
ATOMIC RESOLUTION MAPPING OF INTERFACIAL INTERMIXING 
AND SEGREGATION IN INAS/GASB SUPERLATTICES 
 
 
 We combine quantitative analyses of Z-contrast images with composition analyses employing atom 
probe tomography (APT) to provide a quantitative measurement of atomic scale interfacial intermixing in 
an InAs/GaSb T2SL. Contributions from GaSb and InAs in the Z-contrast images are separated using an 
improved image processing technique. Correlation with high resolution APT composition analyses permits 
an examination of interfacial segregation of both cations and anions and their incorporation in the short 
period InAs/GaSb SL. Results revealed short, intermediate and long-range intermixing of In, Ga and Sb 
during molecular beam epitaxial growth and their distribution in the SL. This work was previously 
published in ref [38].  
 
3.1 Introduction 
 Type-II superlattices (T2SLs) based on III-V semiconductors of GaSb and InAs have attracted 
considerable interest as an alternative to the conventional HgCdTe (HCT) detectors for mid-wavelength 
infrared (MWIR) and long-wavelength infrared (LWIR) laser and detector applications [10, 69, 70]. T2SLs 
have several potential advantages over HCT detectors, such as longer Auger lifetime, reduced tunneling 
current, compatibility with current III-V semiconductor production, and wide band-gap tunability ranging 
from the mid- to long-wavelength infrared regimes [13]. Both GaSb and InAs share the same zinc-blende 
crystal structure with a small lattice parameter mismatch. Experimentally, high-quality superlattices (SLs) 
free of misfit dislocations can be grown by molecular beam epitaxy (MBE) or metal-organic chemical vapor 
deposition (MOCVD) to large thicknesses (~ 1 m) [31, 32, 71, 72]. The performance of T2SLs has, 
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however, yet to approach the theoretical predictions [14]. An important structural property, critical to device 
performance in a layer-by-layer structure like T2SLs, is interfacial chemical sharpness [73]. In particular, 
the InAs/GaSb quantum heterostructure has no common cations or anions, which results in different 
interfacial compositions of GaAs-like, InSb-like, or a mixture of InAs and GaSb. Previously, interfacial 
chemical sharpness and structure were studied by X-ray diffraction, bright- and dark-field transmission 
electron microscope (TEM) [74], high-resolution (scanning) TEM (HR (S)TEM) [75, 76], cross-sectional 
scanning tunneling microscopy (XSTM) [77], electron spectroscopy and APT [39, 76, 78]. Among these 
techniques, XSTM demonstrated the highest real-space resolution. XSTM is a surface sensitive technique 
and its application for T2SL characterization relies on detecting changes in surface electronic states 
associated with surface atom relaxation [79]. In dark-field TEM (DF-TEM), chemically sensitive contrast 
is obtained and it can be used to identify interface sharpness over a relatively large sample area, but the 
resolution of DF-TEM is limited to ~1 nm. Another approach proposed by Ourmazd and his collaborators 
uses a pattern recognition method [80] to analyze HR-TEM images that contain chemically sensitive 
reflections, such as (200) [76] in zinc-blende. In this way, they achieved lattice resolved “chemical” 
mapping [80]. APT provides atomic concentration profiles at sub-nm resolution [78, 81, 82].  
 Z-contrast atomic resolution imaging, achieved in a STEM using a high-angle annular dark field 
(HAADF) detector, is a powerful tool for interface characterization, especially for crystalline interfaces 
involving atoms with large atomic numbers (Z) [83, 84]. The Rutherford scattering collected by the HAADF 
detector over a scanned sample area provides an intensity (I) map with peaks at the center of atoms with 
IZP (p~1 to 2) [85]. Recent developments in aberration correction have significantly improved the STEM 
resolution to sub-Å and the overall image quality has also improved.  
 Here we report a quantitative analysis of interfacial intermixing using a combination of Z-contrast 
imaging and APT measurements. We have improved the analysis of Z-contrast images by developing a 
template based image processing technique for atomic resolution chemical mapping. We apply this 
technique for a measurement of interfacial chemical sharpness and atomic resolution mapping of interfacial 
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intermixing in the InAs/GaSb SL. For support and calibration, we use the APT measurements performed 
on the same SL using a LEAP 4000 X-Si tomograph (Cameca, Madison, WI). The HAADF-STEM imaging 
was performed using an aberration corrected STEMs operating at 200 and 300 kV.   
 
3.2 Superlattice growth 
 The InAs/GaSb SL studied was grown by MBE on a GaSb substrate (IQE, Bethlehem, PA). A 500 
nm thick GaSb buffer layer was grown on the substrate followed by a 10 nm thick AlSb layer.  The SL is 
comprised of 80 periods of GaSb and InAs of nominally 8 and 14 monolayers (ML) thick, respectively. An 
interfacial interlayer of 1.7 ML InSb was intentionally deposited at InAs-on-GaSb interfaces for strain 
balance, which is after completion of a GaSb layer and before depositing the subsequent InAs layer. The 
SL studied here was designed for photoluminescence (PL) measurements. By choosing 8 GaSb and 14 InAs 
monolayers, the SL targets the 10 μm wavelength in infrared regime, while the AlSb layer is used as a 
carrier barrier layer to confine photo-excited carriers within the SL. The InSb interfacial treatment promotes 
the formation of InSb-like bonds at InAs-on-GaSb interfaces. As our results demonstrate, no separate InSb 
layer is formed inside the SL. During growth, the thickness can be controlled with ±0.2 Å accuracy. 
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3.3 Results and discussion 
3.3.1 Structure characterization 
 The quality of the SL was first characterized by X-ray diffraction using a Philips X’pert 
diffractometer (Pananalytical, MA). Figure 3.1 shows the X-ray 2 scan data of the SL around the 
substrate (004) diffraction peak. All SL diffraction peaks between (002) and (004) were observed: only a 
portion of the scan is displayed. The well-defined superlattice reflections with narrow full width at half 
maximum (FWHM) demonstrate high structure quality of the T2SL.  
 
Figure 3.1 High resolution X-ray diffraction ω-2θ scan around GaSb (004) peak.  
 
 The structure of a T2SL is further examined by high resolution STEM experiments. A [110] oriented 
cross-sectional sample was prepared by conventional mechanical polishing, followed by ion milling using 
3.5 and 2.0 kV Ar ions for electron transparency utilizing liquid nitrogen cooling. Figure 3.2 displays 
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representative STEM images of the T2SL at low and medium magnifications recorded along [110] using a 
JEOL 2200FS equipped with a CEOS probe corrector at 200 kV and medium magnification. A HAADF 
detector was used for recording, which gives the Z-contrast. No visible extended defects, such as 
dislocations, stacking faults, or twins, are observed over the large overview image in Fig. 3.2 (a). The image 
in Fig. 3.2 (b) displays a well-defined periodic structure of thin GaSb and InAs layers in the SL without 
extended defects.  
 
 
Figure 3.2 (a) Low magnification Z-contrast image InAs/GaSb SL. (b) Z-contrast image near substrate 
region. Both are obtained at an electron energy of 200 kV.  
 
 A high magnification Z-contrast image of the SL with atomic resolution is presented in Fig. 3.3. This 
image was recorded at 300 kV and with a 0.7 Å diameter probe (at 59 % probe intensity), using a probe-
corrected FEI Titan HR-STEM at MINATEC, Grenoble, France. Imaged along the [110] zone axis, the 
closest atomic columns of cations and anions appear as dumbbell-like structures, which are separated by 
1/4[001] distance. A large difference in atomic contrast between the cations and anions in both GaSb and 
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InAs layers is observed. The Sb is brighter than Ga in the GaSb dumbbell, while In is brighter than As in 
InAs. This contrast is consistent with the Z-contrast expected from the HAADF detector configuration, 
where In and Sb have larger Z values (ZIn= 49 and ZSb= 51) than As and Ga (ZAs= 33 and ZGa= 31) 
 
 
Figure 3.3 High magnification Z-contrast image of InAs/GaSb SL recorded at an electron energy of 300 
kV.  
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3.3.2 Quantitative analysis of Z-contrast images 
 To use atomic resolution Z contrast images for quantitative interfacial analysis, we have developed 
a spatial averaging and image fitting technique based on template matching. The basic idea is to use two 
reference patterns: each contains a pair of atomic columns (dumbbell), as templates. These templates are 
obtained by spatial averaging well inside the layers using an iterative method. To start, one of the dumbbells 
is selected as the reference pattern T(i,j) in layer L. Then the similarities between T(i,j) and the sub-images 
I(r,s), where r and s are two integers that mark the location of the sub-image in the original STEM image,  
are measured using normalized cross-correlation coefficients CC(r,s), which is defined by: 
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where k is the total number of pixels in T and 
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where, r and s are the location coordinates, I and T are the target image and template, respectively [86]. The 
CC(r,s) have values between [-1,1]. The maximum value of 1 is obtained when the intensities of T(i,j) and 
I(r,s) are identical. A cross-correlation map (C-map) is then obtained. The local dumbbells whose peaks CC 
are above a given threshold value (0.7 or larger) are averaged by summing the intensity in each sub-image 
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for every pixel. These averaged sub-images defined a new reference pattern T(i,j). This spatial averaging 
is repeated several times. In each iteration, the identification of sub-images for spatial averaging is improved 
by increasing the threshold. The process is repeated for GaSb and InAs layers. Figure 3.4 (b) and (c) show 
the templates obtained after spatial averaging for GaSb and InAs.  
 To separate the contribution of GaSb and InAs in the recorded Z-contrast images, we calculate the 
amplitudes (i, i) of the local images of the dumbbell, I(i,j), based on the templates:  
 
1 2( , ) ( , ) ( , ) (i, j)i iI i j T i j T i j     .                                        (3-3) 
 
The local sub-image I(i,j) and the templates can be represented as vectors,  and 1iT  and 2iT  represent 
the projections onto the respective templates T1 and T2 and their sum gives the projected image. In equation 
(3-3),  is the difference between the sub-image and the projected image. ( , )i j  is ideally the remaining 
noise in the experimental image.   
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Figure 3.4 (a) Z-contrast image of InAs/GaSb. (b) GaSb and (c) InAs templates resulting from spatial 
averaging process. Amplitude maps for (d) GaSb and (e) InAs.  
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Figure 3.5 Fitted image of Fig. 3.3 reconstructed using GaSb and InAs templates and amplitude values. 
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 A STEM image can be reconstructed, Fig. 3.5, by pasting the projected image at each local dumbbell 
position. The positions of the sub-images were identified by template matching using the average of GaSb 
and InAs as the template. The amplitudes of ߙ and ߚ	were	obtained	by	linear	decomposition.	The	results	
are	displayed	as	amplitude maps for GaSb and InAs, Fig. 3.4 (d) and (e), respectively. In these maps, 
each rectangle represents a dumbbell. By visually inspecting these maps, the sharpness of interfaces and 
compositions at different locations can be evaluated on an atomic scale. For example, the GaSb-on-InAs 
interfaces are sharper than the InAs-on-GaSb interfaces. Additionally, in the GaSb amplitude map, a 
significant number of GaSb peaks are detected inside of the InAs layers near the InAs-on-GaSb interfaces, 
which suggests chemical mixing of GaSb and InAs. In contrast, not many bright InAs peaks appear in GaSb 
layers, which indicates that GaSb layers remain relatively stoichiometric.  
 
 
Figure 3.6 Spatial profiles of amplitude for (a) GaSb and (b) InAs. The profiles have a strong asymmetry 
in the interfacial intermixing.  
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 For quantitative measurement of interfacial sharpness, the amplitude line profiles of Fig. 3.6 (a) and 
(b) were fitted with a sigmoidal function. The interfacial widths of GaSb templates, defined as the distance 
between 10 % and 90 % of the maximum plateau values, are 2.69 and 2.11 MLs at the InAs-on-GaSb  and 
GaSb-on-InAs interfaces, respectively. The amplitude profiles of InAs templates exhibit interfacial widths 
that are 2.76 and 2.11 MLs at the InAs-on-GaSb and GaSb-on-InAs interfaces, respectively. Both amplitude 
profiles lead to the same conclusion that the GaSb-on-InAs interface is shaper than the InAs-on-GaSb 
interface, which means smoother InAs surfaces than GaSb surfaces during growth. 
 
3.3.3 Atomic probe tomography 
 To explore the interfacial chemistry and correlate the results of the Z-contrast image with measured 
local compositions, we performed correlative APT analyses of the SL. Recent developments in the 
technology of ultraviolet (UV) laser assisted local-electrode atom probe (LEAP) tomography have made 
APT an important tool for atomic concentration profiling with sub-nm spatial resolution [82, 87, 88]. The 
specimen for APT analysis was prepared using a dual-beam focused-ion beam (FIB) microscope utilizing 
the lift-out and annular ion milling procedures [89]. The APT experiment was performed employing a 
Cameca LEAP 4000X Si at Northwestern University, at a base temperature of 25 K and under ultra-high 
vacuum (<8×10-9 Pa). The measurement was performed using UV (wavelength = 355 nm) laser assisted 
evaporation with the following parameters: (a) 1.4 pJ pulse-1; (b) pulse repetition rate of 250 kHz; (c) a 
specimen voltage of 6.5-8.0 kV; and (d) an evaporation rate of 0.01 pulse-1. We chose a small laser pulse 
energy to minimize surface migration of atoms and to reduce the number and size of cluster ions evaporated, 
therefore obtaining a more accurate stoichiometry profile [87]. The APT data was reconstructed using 
Cameca’s IVAS 3.6.2 software package. We observed in the mass-spectra a significant number of group V 
cluster ions (Sbx, Asx, SbxAsy) formed during evaporation. The cluster ions are decomposed and the number 
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of individual atoms is taken into account for the reconstruction of APT data and for measurement of atomic 
concentrations of the different elements.  
 
 
Figure 3.7 (a) 3-D reconstruction of InAs/GaSb SL near the substrate region. (b)-(e) Concentration profiles 
for each elements are presented.  
 
 Figure 3.7 (a) shows a 3D reconstruction of the atomic distributions in the InAs/GaSb SL near the 
AlSb barrier layer: the GaSb and InAs layers are labeled. The layers appear to have similar thicknesses in 
the reconstruction. The InAs layers appear thinner than they should be according to the STEM results 
because InAs has a lower evaporation field than GaSb [76]. From the reconstruction, we created atomic 
concentration profiles using a small volume (20×20×30 nm3) selected from the center of the 3D conical 
reconstruction, where the depth resolution of the APT data is the best. The concentration was density-
corrected [90] and the z-direction was rescaled based on the STEM results to compensate the distortion 
caused by lower evaporation field of the InAs layer [88]. The results for each element are displayed in Fig. 
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3.7 (b) to (e). The largest concentrations measured are approximately 40, 50, 60 and 35 at.% for Ga, Sb, In 
and As, respectively. The measured concentrations deviate from the ideal stoichiometry of 50:50 at.%. 
Some of the difference can be attributed to the difference in evaporation rates of different atoms and the 
formation of the cluster ions. This effect could, in principle, be corrected by performing calibration 
experiments using pure GaSb and InAs standards [76]. For this study, we focus on the interfacial chemical 
sharpness and variations in the concentration ratio. 
 For a quantitative comparison, we fitted the APT composition profiles using the same sigmoidal 
function we used for STEM results. Employing the same definition for interfacial width as the distance 
between 10% and 90% relative concentrations between the plateau values, the average cation widths of Ga 
and In for InAs-on-GaSb and GaSb-on-InAs interface are 1.99 nm (6.5 MLs) and 0.79 nm (2.6 MLs), 
respectively. The average anion widths for Sb and As are 1.65 nm (5.4 MLs) and 0.59 nm (2.0 MLs) for 
InAs-on-GaSb and GaSb-on-InAs, respectively. Both the cation and anion profiles demonstrate that the 
GaSb-on-InAs interface is sharper than that of InAs-on-GaSb. The APT results reveal the same asymmetric 
trend as the STEM image processing results. Although its spatial resolution is poorer than the aberration 
corrected STEM image, APT provides quantitative concentration values. The combination of the STEM 
and APT results thus permits a more detailed analysis than do the two methods used independently. 
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3.3.4 Correlative study 
 Figure 3.8 presents a composite view of interfacial intermixing in the InAs/GaSb SL as observed by 
STEM and APT. The measurements were performed on the same SL but for different volumes of the 
specimen. Because of this, the following discussion focuses only on the general trends in these two data 
sets. The image presented in Fig. 3.8 (a) is obtained by projecting the experimental image onto the GaSb 
and InAs templates using the image processing described above. The reduced noise in the projected image 
makes it useful for identification of interfacial structure. Both the InAs-on-GaSb and GaSb-on-InAs 
interfaces exhibit intermediate intensity for the dumbbells. Since the image contrast is proportional to Z, an 
intermediate intensity indicates intermixing of Ga and In at cation sites and As and Sb at anion sites. The 
GaSb-on-InAs interfaces have ~1 ML of dumbbells with intermediate intensity, while the InAs-on-GaSb 
interfaces display 2~3 MLs-thick transition layers. Additionally, the line profile, Fig 3.8 (b), indicates that 
the intensity at As sites in the InAs layer is higher than at Ga sites in the GaSb layer even though Ga and 
As have similar Z values. To further clarify the atomic distribution across the interfaces, we examine the 
atomic concentration profile in the form of Ga/Sb and In/As ratios extracted from the APT data. The Ga/Sb 
and In/As ratios are displayed in Fig. 3.8 (c) and (d), respectively. These ratios were obtained from the data 
in Fig. 3.7 after applying a smoothing procedure.  
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Figure 3.8 (a) Fitted image of InAs/GaSb SL. Both InAs-on-GaSb and GaSb-on-InAs interfaces, as 
indicated by red and blue dotted lines, exhibit mixed interfacial bonds. Sb-Ga and As-In labels at theds top 
follow the bonding direction in the fitted image. (b) Line profiles along one monolayer selected by yellow 
dotted box. Concentration ratio profiles are drawn for (c) Ga vs Sb and (d) In vs As.  
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 There are three major features in the ratio plots, which are labeled I, II and III. The features I and II 
are located close to the Sb-Ga/As-In (blue dotted lines) and As-In/Sb-Ga (red dotted lines) interfaces, 
respectively. Feature III indicates a decrease in the Ga/Sb ratio near the middle of the InAs layers. Feature 
I is a significant peak in the In/As ratio, situated at the bottom of the GaSb layer, which suggests the 
substitution of In for Ga at the Sb-Ga/As-In interface. This is confirmed by the enhanced intensity of the 
Ga columns in the STEM image. Feature II is an increase in the Ga/Sb ratio at the InAs-on-GaSb interface, 
which is associated with a decrease in the In/As ratio. We interpret this as the substitution of Ga for In 
inside the InAs layer near the As-In/Sb-Ga interface. This interpretation is supported by STEM because of 
the decreased intensity at the In columns. In region III, the In/As ratio is relatively constant, while there is 
a significant decrease in the Ga/Sb ratio. This suggests the substitution of Sb for As and a significant 
decrease of Ga in this region. 
 The above results are consistent with the cation and anion segregation of Ga, In, and Sb during MBE 
growth as predicted by theory [91]. Due to surface segregation during the MBE growth process, a fraction 
of atoms (F) segregate in the next layer, while the remainders are incorporated into the lattice underneath. 
This creates an asymmetrical, decaying, concentration profiles [92]. The differences that we observe in the 
distributions of Ga, In and Sb atoms can be attributed to the magnitude of F. The segregated In is largely 
incorporated within ~1 ML at the GaSb on InAs interface, while Ga and Sb are incorporated with ~2-4 and 
~6-8 MLs, respectively, at the InAs-on-GaSb interface. The wider concentration profile of Sb in InAs is 
also related to the intentionally deposited InSb interlayer layer deposited on the GaSb surface. The InSb 
interlayer complicates the surface segregation and, therefore, a quantification of this effect would best be 
accomplished with samples grown without the interlayer deposition. 
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3.4 Conclusion 
In conclusion, we have demonstrated atomic level mapping of interfacial intermixing in a short 
period InAs/GaSb superlattice. This is achieved by combining atom-probe tomographic data with 
quantitative analyses of atomic resolution Z-contrast images. Compared to other measurement techniques, 
the information we present herein directly reveals composition on a sub-nano scale and at high spatial 
resolution demonstrating the importance of correlative experiments on the same sample. For an InAs/GaSb 
superlattice, we identified segregation of Sb, Ga and In atoms and quantitatively measured their 
incorporation in the lattice.  With the techniques we developed herein, studies comparing the segregation 
and intermixing at the interfaces of superlattices, with and without interfacial InSb deposition, are now 
possible and can lead potentially to optimally designed interfaces. The correlative approach employed 
herein is general and can be applied to other superlattices, including those used in devices.  
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CHAPTER 4 
ATOMIC RESOLUTION STRAIN ANALYSIS OF Z-CONTRAST IMAGES 
USING THE PEAK SEPARATION AND TEMPLATE MATCHING 
METHODS 
 
 Strain mapping is used to elucidate strain effects on material properties or to determine composition-
strain relationship for crystals. Recent advances in high resolution electron microscopy and associated post-
image processing techniques enable strain measurement at high spatial resolution. Strain mapping using 
atomic resolution Z-contrast images in complex crystal systems is, however, limited by the intensity overlap 
between nearby atomic columns, which hampers the precise detection of individual atomic columns. Here, 
we report on a new strain measurement method based on peak separation and template matching to 
determine atomic column positions accurately. This new method is first applied to the GaSb crystal 
substrate. Using this, we demonstrate the improved measurement precision compared to the direct Gaussian 
peak fitting method. Then, we apply our method to a III-V semiconductor heterostructure (InAs/GaSb 
superlattice) and evaluate the effectiveness of our method by comparing with strain maps obtained with 
geometric phase analysis. This work is submitted to Ultramicroscopy.  
 
4.1 Introduction 
 Heterostructures consisting of two or more different kinds of semiconductors are widely used in 
modern micro- or nano-electronics as quantum cascade lasers [24], infrared photodetectors [3], and light 
emitting diodes [93].  They play a pivotal role in engineering numerous electronic and optical properties 
that form the basis for today’s device performance and future device applications. A critical engineering 
parameter in designing a heterostructure is strain, which arises from the lattice mismatch between dissimilar 
materials. For example, strained silicon is used to enhance the effective carrier mobility in field effect 
transistors [94]. The control over unconventional electronic properties of semiconductor [10, 95, 96] and 
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oxide heterostructures [97, 98] relies on strain. Because of the importance of strain, the development of 
analytical tools to accurately measure strain is required to evaluate the structure and develop a detailed 
understanding of strain-property relationship.  
 Strained heterostructures can be analyzed by X-ray diffraction (XRD). However, XRD requires large 
samples as the XRD probes are on the order of mm. Information about local strain can be obtained by 
imaging techniques. High resolution electron microscopy (HREM) is a major tool for measuring strain at 
high spatial resolution. The techniques using electron diffractions such as convergent beam electron 
diffraction (CBED) [99, 100], and nano-beam diffraction (NBD) [101, 102] are highly accurate. 
Information about 1D or 2D strain distribution can be obtained by scanning the electron probe over a region 
of interest on the sample, but their spatial resolution is limited by the electron probe size to a few nanometers 
[103]. Under favorable conditions, HREM images can be analyzed for constructing two dimensional (2D) 
strain maps using techniques such as geometrical phase analysis (GPA) [104] and peak pairs algorithm 
(PPA) [105]. GPA determines strain by measuring the displacement of lattice relative to the reference 
region in Fourier space while PPA works by detecting the position of every lattice point in the real space. 
Recently, these techniques have been applied to atomic resolution Z-contrast images acquired with scanning 
transmission electron microscopy (STEM) using a high angle annular dark field detector (HAADF) [106, 
107]. Advances in aberration corrected STEM enable the resolution of Z-contrast images to reach to sub-
angstrom regime, so that the position of every projected atomic column can be extracted and used to 
construct atomic resolution strain maps. In addition, compared to HREM, the contrast in Z-contrast images 
is more uniform and less sensitive to thickness and defocus values, which is beneficial for quantitative 
strain measurement [108]. A major challenge of using Z-contrast images is the intensity overlap from the 
nearest neighboring atomic columns, which makes the accurate detection of atomic columns difficult. Thus, 
using the local intensity maxima in Z-contrast images as the location of the atomic column is no longer 
valid. We overcome this issue by employing a combination of peak-fitting and real space analysis approach 
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based on template matching (TeMA) [86]. The newly developed method allows for separation of nearest 
atomic columns, thereby preventing any artifacts which can arise from intensity overlapping.  
4.2 Experimental 
 III-V compound semiconductor and heterostructure was used as a prototype material for this study. 
A superlattice (SL) structure consisting of InAs and GaSb was grown by molecular beam epitaxy (MBE) 
at the growth temperature of 480 °C on GaSb substrate, a period composed of 4.4 nm thick InAs and 2.1 
nm thick GaSb. InAs/GaSb based SL has been of great interest as a potential material system for the next 
generation infrared (IR) photodetectors targeting mid-wavelength (3~5 µm) to long-wavelength (8~12 µm) 
regime. Z-contrast images analyzed here were obtained using a FEI Ultimate STEM equipped with a probe 
spherical aberration corrector and operated at 300 kV. Details of sample preparation for STEM experiments 
are presented in Chapter 2.  
 
4.3 Methods 
 The principle of our approach is presented in Fig. 4.1 for an InAs/GaSb SL, both constituent layers 
share zinc-blend structure. An atomic resolution image recorded along the [110] zone axis orientation 
displays the dumbbell-like features formed by pairs of atomic columns of cation (In or Ga) and anions (As 
or Sb). Because of short distance between the cation and anion, the intensity of atomic peaks overlaps. Fig. 
4.1 (a) shows the GaSb dumbbell from the experimental Z-contrast image. First, two Gaussian peaks is 
used to fit the dumbbell, resulting in the fitted images for anion and cation in Fig. 4.1 (b) and (d), 
respectively. By subtracting off one of the two atomic peaks inside the dumbbell from the experimental 
image, separate cation and anion images can be obtained as shown in Fig. 4.1 (c) and (e), respectively. Once 
the atomic columns are separated, their peak positions are then detected and measured for strain analysis. 
For the experimental image containing a large number of dumbbells, the fitting can be performed by 
locating the position of a dumbbell using template matching [38, 86]. We then perform fitting on every 
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dumbbell to make separate fitted images for the anions and cations. In the example shown in Fig. 4.2 (a) 
from a region near the InAs and GaSb interface, separate images are obtained for As/Sb and In/Ga as 
displayed in Fig. 4.2 (b) and (c), respectively. This method results in the Z-contrast image with only one 
type of atomic columns whose intensity is least affected by their neighboring atomic columns. In addition, 
the template with one atomic column in Fig. 4.2 (d), which is obtained by spatially averaging over the large 
area, can be used as a reference to locate the positions of every atomic column. This is a great advantage 
for pattern recognition methods, e.g., template matching, since each dumbbell has a different intensity 
distribution and bonding distance depending on their chemical composition, meaning that there is no single 
template which can be used to find the positions of every dumbbell using the correlation based technique 
of template matching [86]. Strain maps, then, obtained by taking the derivatives of the measured 
displacements with respect to a reference lattice using the following equations 
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53 
 
 
Figure 4.1 (a) GaSb dumbbell image from a Z-contrast image has been fitted with two Gaussian peaks, 
resulting in separate (b) anion and (d) cation fitted images. Separate (c) cation and (e) anion lattice images 
are obtained by subtracting the fitted images from the original image in (a).  
 
 
 
Figure 4.2 (a) Experimental Z-contrast image near interface between InAs and GaSb. (b) Anion and (c) 
cation lattice images. The white arrows in (a)-(c) indicate the location of interface. (d) Template image used 
to locate the atomic column in the lattice images.  
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4.4 Results and discussion 
4.4.1 Measurement precision 
 We compares two different methods for determining atomic column position. The first is the method 
which is explained in the previous section and the second approach uses direct Gaussian peak fitting. The 
GaSb substrate (Fig. 4.3 (a)), where the strain or distortion of lattice is minimal, was used to examine the 
measurement precision which is defined as the standard deviation of the measured displacements. The anion 
and cation sub-lattices separated by our approach are presented in Fig. 4.4 (b) and (c). The direct Gaussian 
peak fitted image of the experimental Z-contrast image in Fig. 4.3 (a) is displayed in Fig. 4.3 (d), and 
separated anion and cation fitted images are also displayed in Fig. 4.3 (e) and (f). The measurement 
precision based on the combination of peak separation and template matching technique is measured along 
x and y directions as defined in Fig. 4.3 (b): 1.9 pm (ߪ௫) and 2.4 pm (ߪ௬) for anion lattice; 2.9 pm (ߪ௫) and 
2.0 pm (ߪ௬) for cation lattice in Fig. 4.3 (g), where x and y directions are defined in Fig. 4.3 (b). Direct 
Gaussian peak fitting results in 2.6 (ߪ௫) and 3.3 pm (ߪ௬) for anion fitted image; 4.2 (ߪ௫ሻ and 3.9 pm (ߪ௬) 
for cation fitted image in Fig. 4.3 (h). The precision of the direct Gaussian peak fitting is affected by the 
presence of noises which is inherent to Z-contrast imaging. In particular, in case of images with low pixel 
resolution, it is more difficult to achieve accurate measurement of the atomic column positions due to 
limited number of sampling points. In contrast, the template matching based peak finding using the cross-
correlation function effectively filters out the noise in a Z-contrast image, creating correlation peaks which 
is less sensitive to the local intensity variations. As a result, the template matching based approach improves 
the measurement precision by ~ 1 pm as compared to the direct Gaussian peak fitting method.  
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Figure 4.3 (a) Experimental Z-contrast image of GaSb substrate. (b) Anion and (c) cation sub-lattices 
obtained by subtracting the fitted cation and anion lattice images from (a). (d) The fitted image with 
Gaussian peaks. (e) Anoin and (f) cation fitted images are separately shown. The scale bar is 1 nm. (g) and 
(f) The histograms of the measured strain from the anion and cation sub-latticed for our approach and direct 
Gaussian peak fitting, respectively.  
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4.4.2 Strain map of MBE-grown InAs/GaSb superlattice 
 Figure 4.4 (a) shows a Z-contrast image of InAs/GaSb SL, imaged along [110] zone axis. The 
dumbbell-like features are seen for InAs and GaSb layer, and because of the relatively large difference in 
atomic numbers between In and As, or Ga and Sb, the dumbbell images are asymmetric in opposite 
directions, which make it easy to distinguish InAs from GaSb and vice versa. Thicknesses of InAs and 
GaSb are 4.4 nm and 2.1 nm, respectively. 
 
                                
Figure 4.4 Atomic resolution Z-contrast image of InAs/GaSb SLS 
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Figure 4.5 (a) Caion and (b) Anion sub-lattices. (c-d) Strain maps for the out-of-lattice component from (a) 
and (b) obtained by TeMA. (d-e) Strain profiles are plotted by averaging strain values of each monolayer 
in (c) and (d). The scale bar in (a) is 2 nm.  
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 Applying the method described above to Fig. 4.4, one can obtain separate cation and anion sub-
lattices as displayed in Fig. 4.5 (a) and (b), respectively. Figure 4.5 (c) and (d) show the out-of-lattice (ɛxx) 
strain maps from each sub-lattice using TeMA [86], calibrated by the reference lattice, GaSb buffer layer. 
Both show distinct layer-by-layer superlattice features with compressive strained GaSb and tensile strained 
InAs. Compressive strain measured in the nominal GaSb results from In segregation during MBE growth, 
which is consistent with the results in ref [35]. In addition, near interfaces, relatively large tensile strain was 
measured, indicating the contribution from Ga-As like bonds, which is also supported by dark contrast at 
interfaces in Fig. 4.4.  
 
4.4.3 Comparison with GPA 
 The geometrical phase analysis (GPA) algorithm is a powerful and well-established tool that can be 
used to measure strain from HREM images. It aims to measure atomic displacements in the real space 
image using Fourier space information. 2D strain maps are obtained as follows: a phase image from a Bragg 
spot of interest is reconstructed and then divided by a phase image of a reference. GPA is by far the most 
popular strain analysis tool for a variety of material systems. However, when using atomic resolution Z-
contrast images for strain mapping, special cares need to be taken. First, the intensity overlap from the 
neighboring atomic columns alters the lattice frequency in as-recorded Z-contrast images, which can result 
in misleading strain values. Second, aside from the phase shift from the lattice displacement, the phase shift 
arising from the variation in the base image must be considered, e.g., each dumbbell (base image) has 
different intensity variation, which need to be taken into account for the use of GPA.  
 Figure 4.6 (a) shows the strain map (ɛxx) of the experimental Z-contrast image in Fig. 4.4 using GPA 
with the Bragg spots of ( 200 ) and ( 022). It shows large compressive strain at interfaces between InAs 
and GaSb, representing the presence of a significant amount of In and Sb contents. This result is inconsistent 
with the weak contrast at interfaces in the Z-contrast image (Fig. 4.4), indicating the interface chemical 
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bonds consist of elements with a small atomic number, such as Ga or As. The artifact in Fig. 4.6 (a) is 
attributed to combined effects of intensity overlaps and a phase shift by intensity variations in the base 
image. For comparison, we also performed GPA on separate sub-lattices, where the intensity overlap from 
nearby atomic columns is negligible and the base image consists of one atomic column. Figure 4.6 (b) and 
(c) show the strain maps (ɛxx) of the images in Fig. 4.5 (a) and (b), respectively. In these strain maps, there 
are no signatures for compressive strain at interfaces. In addition, both strain maps show quite similar strain 
distribution as strain maps obtained with TeMA in Fig. 5 (c) and (d). It has been proposed that by properly 
choosing Bragg spots the artifacts induced by the phase shift from the base image can be corrected [109]. 
However, even in this case, the intensity maxima, which is not centered at the center of atomic columns, 
will be reflected in the lattice frequency, so that the resulting strain map still suffers from artifacts to some 
degree.  
 
 
Figure 4.6 (a) Strain map obtained using GPA and Bragg spots highlighted with yellow circles in (d) FFT. 
(b-c) Strain maps from cation and anion sub-lattice using the same parameters as (a).  
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4.5 Conclusion 
 We propose a new analysis method to perform atomic resolution strain mapping using Z-contrast 
images. It has been shown that the intensity overlap and non-uniform intensity variations in a dumbbell in 
Z-contrast images result in artifacts in strain map. To overcome this issue, our approach uses 2D Gaussian 
peak fitting and subtraction a sub-lattice from the experimental image in order to construct a lattice image. 
By applying our approach and TeMA to InAs/GaSb SLS, we demonstrate that our approach to separate the 
sub-lattice images provides a basis for robust strain measurement in atomic resolution Z-contrast images, 
with either a real space approach (TeMA) or a Fourier space method (GPA). The newly developed image 
analysis tool employed here can be applicable to a variety of epitaxial heterostrctures in general.  
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CHAPTER 5 
DIRECT DETERMINATION OF ATOMIC VACANCY DEFECTS IN III-V 
SEMICONDUCTOR HETEROSTRUCTURES AT PICOMETER 
PRECISION 
 
 In this chapter, we report on a determination of atomic vacancies in the InAs/GaSb strained layer 
superlattice (SLS) based on the general principle of atomic strain. DFT calculations show that punctual 
defects present in thin samples can induce variations in atomic distances up to ~ 10 pm in the simulated 
STEM images. Using the improved microscope resolution, detection and algorithms, such a small distance 
variations can be experimentally measured. Using this technique, both cation and anion vacancies as well 
as their interfacial locations are identified from atomic resolution strain maps obtained at picometer (pm) 
precision. The identification of cation vacancies and their location inside the SLS helps a determination of 
their electronic contribution. This work is submitted to Nature Materials.  
 
5.1 Introduction 
 The atomic structure and the location of defects can be directly inferred using atomic resolution 
imaging [42]. The types of defects can be studied, however, depend on imaging sensitivity. Electron atomic 
resolution imaging has been successfully applied to characterize point defects of impurity atoms [110, 111], 
vacancies in 2D graphene [112] or anti-site defects in LiFePO4 [113]. In each case, detection of point defects 
is distinctly helped by a large difference in image contrast. Such contrast is generally absent for vacancies 
in compound semiconductors because of chemical intermixing and associated strain variations across 
semiconductor interfaces [35, 38, 91]. Thus, a general method that goes beyond image contrast is needed 
to detect atomic scale defects. 
 Here, we report on the use of atomic resolution strain analysis for vacancy detection in an InAs/GaSb 
SLS with a broken-band alignment (type-II superlattices or T2SLs). Engineered strain in T2SLs provides 
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narrow effective energy bandgap with a reduced Auger recombination rate [12]. They have attracted 
significant interest for mid-wavelength and long-wavelength infrared applications [114, 115]. Performance 
of fabricated T2SL devices, however, is limited by short minority carrier lifetimes [13]. It has been 
suggested that the short carrier lifetime is dominated by the SRH (Shockley–Read–Hall) recombination 
[28]. However, the nature of defects for carrier recombination has not been identified.  
 Defects in general modify the crystal lattice and introduce strain. Thus, there is a long history of 
using strain for imaging defects in electron microscopy at ~1 nm resolution [116]. High resolution strain 
measurements can be made using geometrical phase analysis at the unit cell level [104]. However, to detect 
small defects of atomic vacancies in a semiconductor, new method must be developed 1) to separate the 
strain due to composition from those caused by defects, and 2) obtain separated strain on the anion and 
cation lattices. We have developed a new strain analysis method to perform the separation of sub-lattices 
for III-V compound semiconductors and use template matching based image processing to measure strain 
at atomic column basis. The detailed principle of our method is described in Chapter 4.  
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5.2 Experimental 
 The InAs/GaSb SLS studied here was grown by MBE (IQE, Bethlehem, PA) at 480 °C on GaSb 
substrate with 80 periods on top of a 10 nm AlSb bottom barrier and a 500 nm GaSb buffer layer. Then, a 
10 nm AlSb top barrier was deposited on top of SL followed by InAs capping layer. The thicknesses of 
InAs and GaSb are 4.4 nm and 2.1 nm, respectively. This SL is designed for a cut-off wavelength of 11 µm 
at the temperature of 77 K. The quality of the SLS was examined by X-ray diffraction (2 scan) which 
was obtained around GaSb (004) reflection using a Philips X’pert diffractometer (Pananalytical, MA).  
 For STEM imaging, the InAs/GaSb SLS was cross-sectioned along the (110) direction. The sample 
was then mechanically polished down to less than 20 µm thick. A 0.1 µm diamond lapping film was used 
for final polishing. Then, the sample was further thinned by Ar ion milling at 3.0 and 2.0 kV for electron 
transparency. To minimize the ion damage, the sample was cooled during ion milling using liquid nitrogen. 
Atomic resolution Z-contrast images for strain mapping were recorded using a probe-corrected FEI 
Ultimate STEM equipped with a high brightness field-emission gun, operating at 300 kV (MINATEC, 
Grenoble, France). We also use a Nion UltraSTEM equipped with a cold field-emission electron source and 
a corrector of third- and fifth- order aberrations, operating at 100 kV (Oak Ridge National Laboratory, Oak 
Ridge, Tennessee) for strain mapping which will be discussed in chapter 6. Consistent results are obtained 
from both studies. The electron beam is scanned parallel to the SLS growth direction, so that the primary 
direction is not affected by the so-called fly-back error. Z-contrast image simulation is performed with the 
Zmult simulation package based on the multislice method with a pixel resolution of 13.25 pm/pixel. This 
simulation utilizes the absorptive potential method for electron scattering into the high angle annular dark 
field detector (HAADF).  
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5.3 Results and discussion 
5.3.1 Structure characterization 
 The quality of the SL is first characterized by X-ray diffraction using a Philips X’pert diffractometer 
(Pananalytical, MA). Figure 5.1 shows the X-ray 2- scan data of the SL around the substrate (004) 
diffraction peak. All SL diffraction peaks between (002) and (004) are observed; only a portion of the scan 
is displayed. The diffraction peaks show narrow full width at half maximum (FWHM), indicating a well-
defined SLS at a high degree.  
 
Figure 5.1 High resolution X-ray ω-2θ scan data around GaSb (004) peak. 
  
 Figure 5.2 displays a high magnification Z-contrast image of the InAs/GaSb T2SL recorded along 
the [1ത 10] zone axis, including the GaSb buffer layer, AlSb barrier layer and several periods of the 
InAs/GaSb T2SL. Because of the relatively large differences in Z between In and As, or Ga and Sb, the 
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dumbbell images are asymmetric in opposite directions as shown in the magnified images. Using this, we 
identify the following polarity of -Sb-Ga-Sb-Al-Sb-Ga-As-In- along the growth direction.  
 
 
Figure 5.2 Z-contrast image of InAs/GaSb T2SL recorded at an acceleration voltage at 300 kV using a 
probe-corrected STEM and a HAADF detector. The scale bar is 5 nm.  
 
5.3.2 Strain analysis 
 Figure 5.3 (a) and (b) show the anion and cation lattices after subtracting the cation and anion fitted 
image from the experimental Z-contrast image, respectively, using the method described in chapter 4. The 
anion lattice in Fig. 5.3 (a) allows a measurement of strain in the InAs/GaSb SLS as well as in the AlSb 
layer. However, due to the relatively low atomic number compared to neighboring atomic species (Sb, 
Z=51), the cation (Al, Z=13) in AlSb barrier is barely seen from the magnified image indicated by the white 
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box in Fig. 5.3 (b). For anion and cation strain mapping, we use the GaSb buffer layer as a reference, where 
two vectors, x and y, are used to define the reference lattice (see the magnified image in Fig. 5.3 (a)). They 
are measured over an area of 3 x 24 nm2. The as-measured ratio and angle between these vectors are 1.421 
and 90.39°, which are close to the ideal case of 1.414 and 90° for a [110] projected cubic lattice.  
 
Figure 5.3 (a) Anion and (b) cation sub-lattice images of InAs/GaSb T2SL. The magnified inset images in 
(a) shows anion lattice images in GaSb buffer layer and InAs/GaSb superlattice, respectively. The lattice 
vector, x (out-of-plane) and y (in-plane), are used as a reference for strain measurement. The magnified 
inset image in (b) shows AlSb barrier layer, revealing negligible intensity of Al columns. The scale bar is 
5 nm.  
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Figure 5.4 Strain maps of (a) anion and (b) cation sub-lattices. (c) and (d) Strain profiles averaged over 52 
unit cells for anion and cation sub-lattices, respectively, showing the compressive strained GaSb and tensile 
strained InAs. (e) and (f) Standard deviations of the measured strain in each monolayer are drawn in blue 
solid circles. Lines indicate the averaged standard deviation of strain in each layer of the InAs/GaSb SLS. 
The red circles in (c) and (d) and white circles in (a) and (b) locate where large strain deviations from the 
mean are observed. The AlSb barrier is not shown in (b) because the intensity of Al (Z=13) columns is too 
weak to locate its position. 
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 Applying the method in chapter 4 to separate sub-lattice images in Fig. 5.3, we obtained xx (out-of-
plane direction) maps for the anion and cation lattices, which are shown in Fig. 5.4 (a) and (b), respectively. 
The strain measured here is defined by ( ) /bulk bulkxx f GaSb GaSba a a       , which can be related to the material 
strain ( ) /bulk bulkm f f fa a a    (ܽ௙⏊	is	the	local	lattice	parameter	of	the	film, ܽீ௔ௌ௕௕௨௟௞ and ܽ௙௕௨௟௞ are the bulk 
lattice constants of GaSb and the film. The major features of the two strain maps are similar; both strain 
maps show that the xx inside the nominal GaSb layers in the SLS is positive with the maximum strain 
reaching ~2 %, which can be attributed to In incorporation into the GaSb layer [35]. The strain in the 
nominal InAs is equal to -1.06 %. At interfaces, the strain ranges from -1.5 to -2.5 %. This is more negative 
than the stoichiometric InAs (-1.29 %) but less negative than stoichiometric GaAs (-13.99 %) as expected 
in an ideal InAs/GaSb interface, showing intermixing present at the interface, which is in agreement with 
the reported composition characterization [38].  
  
5.3.3 Point defect detection: experimental evidence 
 To detect point defects, we examine strain variations inside each monolayer of the SLS. The strain 
distribution in each monolayer follows approximately the Gaussian distribution of width , which are 
plotted in Fig. 5.4 (e) and (f). Next, we look for strain values lying outside 3 from the mean (see Fig. 5.5 
for an example). The locations of large strain deviations are determined and marked by circles in Fig. 5.4 
(a) and (b). Within the 46 x 24 nm2 area of the SL examined, 12 are identified on the anion lattice and 8 on 
the cation lattice. Among these, 3 in the anion and cation lattices are located close to each other and can be 
attributed to the same defect. The majority (> 80 %) are located near the local maxima or minima in the 
strain profile (see Fig. 5.4 (c) and (d)).  We select four locations for further examination. They are marked 
as I, II, III, and IV in Fig. 5.4 (a) and (b). Emphasis is on region I located inside the nominal InAs layer as 
an example. 
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Figure 5.5 (a) Strain distribution obtained in the GaSb buffer layer where the strain field is minimal. (b) 
Strain distribution from the monolayer A in Fig 5.4 (a) contains a few strain values lying outside 3σ from 
the mean 
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 Figure 5.6 (a) shows the atomic resolution image and the atomic model drawn using the measured 
atomic column positions from region I in Fig. 5.4 (a). Among the three dumbbells labelled as A, B, and C, 
the anion atomic column in dumbbell B (marked by an arrow) is located where large strain deviation 
(>3is measured. The As atomic column is displaced toward the In atomic column, giving rise to a short 
As-In distance inside the dumbbell B at 1.35 Å or ~15 pm shorter compared to As-In distances observed 
for the dumbbells of A and C (Fig. 5.6 (b)), while both anion and cation atomic column intensities of 
dumbbell B are comparable with those of dumbbells A and C. Locations II and III are also found inside the 
nominal InAs layer, as is location I. Similar to region I, we observe local bond length changes close to 15 
pm at those two locations, which are shown in Fig. 5.7 (a) and (b).  
 
 
Figure 5.6 (a) The magnified Z-contrast image taken from location I in Fig. 5.4. The atomic model was 
constructed using the measured atomic column coordinates. (b) Gaussian peak fitting of three dumbbells 
(A, B and C) showing the measured atomic distances.  
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Figure 5.7 (a) and (b) Magnified Z-contrast images from the locations marked by region II and III in Fig. 
5. 4 (b) and (a), respectively. The atomic models corresponding to the green dotted box are also drawn. The 
single cation atomic column, marked by the yellow arrow in (a), is detected with ‘beyond 3σ criterion’ 
while the displacement of the cluster of atomic columns is detected in (b). The yellow arrows in (b) indicate 
three anion and one cation columns largely displaced from the averaged position of the monolayer (grey 
dotted lines). The local bond lengths near the large displacement of atomic column are measured and listed 
in each atomic model.  
 
 Locations with large displacements are also observed inside the nominal GaSb layer. Region IV is 
an example where the Sb atomic column is displaced toward the neighboring Ga atomic column, leading 
to distinctly shorter bond length compared to neighboring dumbbells. The single anion atomic column, 
marked by the yellow arrows is detected as ‘beyond 3σ criterion’. The atomic distances of three dumbbells, 
marked by ‘A’, ‘B’, and ‘C’, are measured at 1.64, 1.50, and 1.57 Å, respectively. The atomic distance of 
dumbbell ‘B’ is distinctly shorter than those of neighboring dumbbells due to the displacement of the 
nominal anion atomic column, which is attributed to the vacancy (or vacancies) in the nominal cation atomic 
column. 
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Figure 5.8 Magnified Z-contrast image and atomic model from the location IV in Fig. 5.4 (a). 
 
 On average, the observed displacements beyond 3 give rise to >3 % in strain and represent a change 
of ~10 pm in the projected bond distances. The size of defects extends to 1 nm. Thus, both the amount of 
strain and size are much smaller than what is expected from large defects, such as a misfit dislocation, 
which can be detected by conventional TEM. The defects observed here likely involve a few atoms along 
the atomic column since the depth of focus (DoF) for our observation is about 6 nm (DoF ൎ 1.772λ/ߙଶ, 
where λ =1.97 pm at 300 keV and α =23.5 mrad is the semi-convergence angle of the electron probe) [117, 
118]. Image simulations using the multislice method show that the displacement of a single atom by 30 pm 
leads to only 0.66 pm shift in the detected column position in the simulated Z-contrast image, which is 
below the error of our analysis (see Fig. 5.10).  
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5.3.4 Point defect detection: theoretical modelling 
 Local defects with small changes in bond distances have been predicted for point defects in 
compound semiconductors [119]. Thus, to identify the defects, we model point defects in InAs, where 
several defects are detected, using density functional theory (DFT). The calculations are performed based 
on the full-potential linearized-augmented plane wave method using WIEN2k package [120]. The 
exchange-correlation functional is treated within the generalized gradient approximation by Perdew, Burke, 
amd Ernzerhof (GGA-PBE) as implemented in WIEN2k package [121]. In the present study, we make four 
structures involving different types of point defects in InAs: As vacancy (VAs); In vacancy (VIn); As anti-
site defect located on a In site (AsIn); and In anti-site defect located on a As site (InAs), as shown in Fig. 5.9 
(b)-(e). The supercell (Fig. 5.9 (a)) with the dimension of a = 12.12 Å, b = 17.14 Å, c = 8.57 Å and 4×3×6 
k-point grid were used. All atoms are free to move until the force tolerance of 2 mRy/bohr was reached. A 
summary of the lattice relaxation result is shown for vacancy and anti-site point defects in Table 5.1 and 
5.2, respectively. The averaged displacements of four nearest neighboring atoms induced by VAs and VIn 
are about 48 and 50 pm, respectively. The displacements of the second nearest neighboring atoms are 
reduced at < 20 pm for both vacancies. On the other hand, the anti-site defects induce the relaxation of the 
nearest neighboring atoms by 3 and 12 pm for AsIn and InAs, respectively while the anti-site defects 
themselves are displaced by 4 and 9 pm for AsIn and InAs, respectively. Similar to the vacancies, the 
displacements of the second nearest neighboring atoms are significantly reduced at 0.3 and 5 pm, 
respectively.  
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Figure 5.9 (a) The supercell of InAs for DFT calcuations. The lattice relaxation results induced by different 
types of point defects such as (b) and (c) As and In vacancies and (d) and (e) AsIn and InAs anti-site defects 
are displayed.  
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Table 5.1 Relaxation around the vacancy point defects, VAs and VIn. NN and 2NN represent the first nearest 
and second nearest neighboring atoms from the defects. Locations of all four nearest neighboring atoms are 
listed while the location of one second nearest neighboring atom is listed. 
  VAs VIn 
  Original (Å) Relaxed (Å) Disp (pm) Original (Å) Relaxed (Å) 
Disp 
(pm)
Type x y z x y z  x y z x y z  
NN 1 3.029 6.426 2.142 3.413 6.426 2.446 49 4.544 6.426 4.284 4.854 6.859 4.284 53 
 2 3.029 6.426 6.426 3.413 6.426 6.122 49 4.544 10.710 4.284 4.854 10.278 4.284 53 
 3 6.058 4.284 4.284 5.763 4.661 4.284 48 7.573 8.568 2.142 7.244 8.568 2.464 46 
 4 6.058 8.568 4.284 5.762 8.191 4.284 48 7.573 8.568 6.426 7.244 8.568 6.104 46 
2NN  1.515 4.284 6.426 1.634 4.405 6.382 18 3.029 6.426 6.426 3.160 6.465 6.294 19 
 
Table 5.2 Relaxation around the antisite point defects (AD), AsIn and InAs.  
  AsIn InAs 
  Original (Å) Relaxed (Å) Disp (pm) Original (Å) Relaxed (Å) 
Disp 
(pm)
Type x y z x y z  X y z x y z  
AD  6.06 8.57 4.28 6.08 8.59 4.31 4 4.544 6.426 4.284 4.618 6.455 4.325 9 
NN 1 4.54 6.43 4.28 4.58 6.47 4.29 6 3.029 6.426 2.142 2.967 6.424 2.096 8 
 2 7.57 8.57 2.14 7.56 8.57 2.17 3 3.029 6.426 6.426 2.938 6.423 6.516 13 
 3 4.54 10.71 4.28 4.55 10.70 4.28 2 6.058 4.284 4.284 6.105 4.182 4.281 11 
 4 7.57 8.57 6.43 7.58 8.57 6.45 2 6.058 8.568 4.284 6.134 8.706 4.279 16 
2NN  3.029 6.426 6.426 3.028 6.427 6.428 0.3 1.515 4.284 6.426 1.483 4.254 6.446 5 
 
 To investigate the characteristic of observed atomic scale defects, involving a large atomic column 
displacement, we construct the model structures with a different number of displaced atoms in the column. 
Figure 5.10 shows the Z-contrast image simulation result obtained with the multislice method. As atoms in 
InAs are intentionally displaced by 30 pm along [001] direction based on the simulation result with the 
DFT calculations. The model structure, here we use, is 20 nm thick. The number of displaced As atoms 
increases from one (A) to five (E). The displacement of the As column is calculated using the image 
processing techniques described in chapter 4. One As atom displacement in the column leads to 0.66 pm 
shift of the atomic column in the simulated Z-contrast image in model A. As the number of displaced As 
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atoms increases, the measured displacement of the atomic column in the simulated Z-contrast image also 
increases, eventually exceeding 10 pm with four displaced As atoms. We also make a model (F) in which 
five As atoms are displaced by 30 pm but evenly separated by 4.3 nm from each other in the column. The 
measured displacement of As atomic column is 2.77 pm which is close to the model A and B cases. As 
discussed above, the depth of focus in Z-contrast imaging is several nanometer scale depending on the 
electron energy and the convergence angle of the electron beam. Thus, among displaced As atoms in model 
F, one or two As atoms are in focus in the simulated Z-contrast image. The image simulation study, 
therefore, demonstrates that the observed displacement of atomic column could result from a number of 
vacancy-type point defects grouped together within the range of depth of focus. 
 
 
Figure 5.10 Simulated Z-contrast images of InAs along [110] zone axis. Below each model, the 
corresponding structure models for the As column are drawn. The As atoms in the column, indicated by the 
orange arrow, are intentionally displaced by 30 pm. The amounts of displacement of As column are listed 
in each simulated Z-contrast image. 
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 The DFT result shows that one vacancy defect displaces four nearest neighboring atoms toward the 
vacancy position. Observed along <110> direction, two of them are located in the same dumbbell pair right 
next to point defects and another two are separately located in different dumbbell pairs, e.g. two As atoms 
in the same dumbbell pair with In vacancy and two As atoms located at right upper and lower side of In 
vacancy are displaced in Fig. 5. 9 (c). Thus, this result suggests that ~10 pm displacement of atomic column 
in the experimental Z-contrast image, which arises from four displaced atoms in an atomic column 
according to the Z-contrast simulation result, could results from two alternating In vacancy point defects. 
It is worth noting that detection of single vacancy alone is difficult since the amount of displacement caused 
by a vacancy is less than 10 pm, e.g, single vacancy induces displacement of two neighboring atoms in the 
same dumbbell pair, changing the bond length by ~5 pm in Fig. 5.10. Thus, our analysis is sensitive to 
detect a few vacancy defects (>= 2) or combination of vacancy with other defects causing more than 10 pm 
displacement of the neighboring atomic column in a dumbbell pair, which are detectable as ‘beyond 3σ 
criterion’. 
 
5.3.5 Z-contrast image simulation of InAs involving point defects 
 Figure 5.11 show the simulated Z-contrast images using the relaxed structure obtained from DFT 
calculations for following models: two In vacancies (Fig. 5.11 (a)); two AsIn anti-site defects (Fig. 5.11 (b)); 
two GaIn substitution (Fig. 5.11 (c)), which are all located in the In column. The two In vacancies are 
separated by an In atom. Four As atoms in the neighboring column of A are displayed along [001], while 
two As atoms each in columns of C and E are displaced toward the In column of B. The Z-contrast 
simulation results show that the displacement of four As atoms in column A leads to a 9.9 pm displacement 
in the simulated Z-contrast image for a sample of 20 nm thick, while the In column (B) is displaced by 4.7 
pm. Thus, the atomic dumbbell distance in the image is shorten by 14.6 pm in a good agreement with the 
experiment. Other atomic columns show much smaller displacements in the simulated image as indicated 
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in Fig. 5.11 (a). The atomic model in Fig. 5.11 (b) represents the structure with two AsIn anti-site defects. 
In this model, the measured atomic column position changes very little, less than 1 pm. In case of two GaIn 
substitutional atoms, the measured distance of the dumbbell with GaIn atoms changes by 4.3 pm. In all three 
cases, the intensity of the cation column containing different types of defects is similar to that of cation 
columns without defects. Thus, the match between the DFT models and image simulation results suggest 
two In vacancies, and we can also rule out anti-site defects.  
 
 
Figure 5.11 Top row shows the structure models for (a) vacancy, (b) anti-site, and (c) substitutional defects 
as marked by arrows. Middle displays the simulated Z-contrast images where the atomic distances are 
compared to the original structure without defects. The bottom row shows the difference images between 
the ones with and without defects. These images clearly show the displacements of atomic columns induced 
by different kinds of point defects. 
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 To further identify the defects, we examine their local strain. Figures 5.12 (a) and (b) plot the strain 
profiles of the anion and cation lattices across the defect at location I (open dots), before and after 
subtracting the average strain (solid dots, obtained over 52 unit cells along the in-plane direction). Both 
profiles show characteristic negative and positive strain differences that appear as a pair as seen in the strain 
maps (See the cutout strain maps in Fig. 5.12 (a) and (b)). The extent of strain modification is over 3~4 
monolayers (1 nm). Compared with the simulation results obtained from the DFT models, the amount of 
deviation from the averaged strain measured in the cation lattice is smaller than that in the anion lattice, 
while the two vacancies model predicts similar strain for both cations and anions (see Fig. 5.13). The cation 
strain cannot be attributed to Ga substitution alone since the theory predicts almost no change in the cation 
strain in this case (Fig. 5.13 (b)). Experimentally, at the location of the defect, there is ~10 % of Ga 
substitutions in the In atomic column [35], which amounts to ~2 Ga atoms within the DoF. Thus, our results 
can be explained by the presence of 1~2 vacancies in the Ga substituted In atomic column. 
 
Figure 5.12 (a) and (b) Strain profiles from the anion and cation lattices across dumbbell B (from location 
I in Fig. 5.4 (a)) compared to the average strain profile over 52 unit cells of the SLS. The difference between 
the two shows characteristic positive and negative strain differences associated with the defect.   
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Figure 5.13 (a) Strain profiles obtained from the simulated Z-contrast image of InAs with two In vacancies. 
The atomic displacements induced by vacancies change local bond lengths, creating negative and positive 
strain differences for both anion and cation strain profiles. (b) Strain profiles obtained from the simulated 
Z-contrast image of InAs with two AsIn. As anti-site defects on In sites result in negligible changes in bond 
length for both anion and cation lattices. (c) Strain profiles obtained from the simulated Z-contrast image 
of InAs with two GaIn. A compositional change in cations leads to local bond length changes for the anion 
lattice while the bond length in cation lattice is negligible.  
 
 Among the observed locations (20 in total) having large atomic displacements, three occurs in the 
Ga-rich columns inside the nominal GaSb layer. Among those, location IV shows similar strain 
characteristic as that of location I, which can be attributed to Ga vacancy. Cation vacancies introduce deep 
defect levels in InAs or GaSb as they create T2-derived discrete energy levels just below the valence band 
of bulk crystals, which act as electron acceptors [122]. However, in an InAs/GaSb superlattice, the valence 
band edge of the effective bandgap is lower in energy than the valence band edge of the bulk GaSb due to 
the quantum confinement effects. Defect levels created by Ga vacancies are thus in the proximity of the 
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effective bandgap, while In vacancies only create acceptor levels.  We emphasize that our results here show 
that Ga plays an important role in defects in the InAs/GaSb superlattice, whether it is vacancy formed in 
the Ga substituted In atomic columns or the Ga vacancy formed in the nominal Ga atomic columns.  
 
5.4 Conclusion 
 In this work, we demonstrate the detection of vacancy defects within InAs/GaSb T2SL based device 
structure. Our study is made possible through a significant improvement in the measurement precision to 2 
picometers, statistical analysis of lattice strain using aberration corrected STEM and help from model based 
simulated images using DFT. The defect locations within the superlattice consisted of a few nm thick layers 
are explicitly identified along with strain at high resolution and precision. The capability demonstrated here 
for detecting vacancies and studying their structure should stimulate further experimental and theoretical 
research and provide new insights for fundamental understanding of point defects in compound 
semiconductors and heterostructures in general.  
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CHAPTER 6 
EFFECTS OF INTERFACE ENGINEERING ON STRAIN AND 
COMPOSITION IN INAS/GASB TYPE-II SUPERLATTICE 
 
 Here, we investigate the structural effects of “interface engineering” that is employed in the growth 
of InAs/GaSb T2SLs to achieve a precise control over interface chemistry and strain balance. The interfacial 
effects are studied by quantitative strain and composition analysis using aberration-corrected scanning 
transmission electron microscopy and electron energy loss spectroscopy (EELS). The real space based 
strain analysis method introduced in Chapter 4 is employed here for strain mapping of separate cation and 
anion lattices. By correlating strain with composition profiles obtained from EELS data, we show that 
interface engineering using the monolayer-thick InSb interfaces forced following the growth of GaSb layers 
significantly improves the strain uniformity in the InAs/GaSb T2SL and modify the interface chemistry. 
Specifically, a forced InSb interface treatment reduces the concentration of GaAs-like interface bonds and 
forms a more symmetric interface in term of strain. Furthermore, statistical analysis on the strain maps 
reveals that interface engineering reduces the number of locations with a large atomic column relaxation 
which has been predicted to be potential point defect locations.  
 
6.1 Introduction 
 One of major challenges to achieve the full potential of InAs/GaSb Type-II superlattices (T2SLs) is 
strain compensation. While the lattice mismatch (~ 0.6 %) between InAs and GaSb is small, interfacial 
strain is extremely large because of the presence of InSb and GaAs like interfaces in InAs/GaSb T2SLs. 
This makes it challenging to grow this type of T2SL structure to hundreds of periods that are required for 
applications as IR detectors while keeping the concentration of defects low. Thus, interface engineering by 
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controlling the chemistry at the interfaces has been introduced in the InAs/GaSb T2SL technology as a 
strain compensation method by a number of research groups [123-126]. 
 Interface engineering also affects the T2SL band structure and thus provides various designs with 
the optimized device properties [17]. For instance, it has been demonstrated both theoretically and 
experimentally that the cut-off wavelength can be tuned by the type of interfacial bonds: blue shift with 
InSb-like interfacial bonds; red shift with GaAs-like interfacial bonds [125]. Additionally, InSb with its 
small band gap improves the overlap of the electron and hole wave functions at the interface, resulting in 
high IR absorption, while GaAs, which has a relatively large bandgap, acts as an electrical barrier for the 
photon generated carriers [127]. Interface engineering is thus a very important growth strategy for both 
strain compensation and tuning the properties of InAs/GaSb T2SLs. 
 In order to fully understand the effects of interfacial engineer in InAs/GaSb T2SLs, it is critical to 
perform comprehensive structural analysis on these superlattices. Scanning tunneling microscopy (STM) 
[77, 128-130] and dark-field transmission electron microscopy (DF-TEM) [74], have been widely used for 
studying the interfaces. Chemical intermixing at interfaces in InAs/GaSb T2SLs was also studied by 
scanning transmission electron microscopy (STEM) and atom probe tomography (APT) in a correlative 
study [38, 76]. Among these techniques, Z-contrast imaging using an aberration-corrected STEM offers the 
highest spatial resolution at sub-angstrom scale. Recently, two-dimensional (2D) strain mapping using 
high-resolution TEM (HRTEM) images and Z-contrast images has been applied to study strain in several 
semiconductor heterostructures using methods such as geometrical phase analysis (GPA) and peak pair 
analysis (PPA) [106, 131-133]. However, these methods have serious drawbacks because of the intensity 
overlap between atomic columns as well as change in the atomic column intensity (see Chapter 4 for details). 
We have developed a new approach to overcome these issues in order to achieve high precision in strain 
measurement (see Chapter 4). Using this method, we perform atomic scale analysis of strain and 
composition to study the structural effects of interface engineering in InAs/GaSb T2SLs. 
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6.2 Experimental  
 Two InAs/GaSb T2SLs were grown by MBE at IQE (Bethlehem, PA): one with no interfacial 
treatment (sample A); another with interfacial treatment (sample B). Both samples have the following 
structure: a 500 nm thick p-doped GaSb bottom electrode grown on the GaSb substrate, the InAs/GaSb 
superlattice of each period comprised of 4.5 nm InAs and 2.4 nm GaSb, which are fabricated in a full device 
structure consisting of 80 periods of p-doped superlattice, followed by 300 periods of absorber region, and 
80 periods of n-doped superlattice. For the sample with interfacial treatment, a thin layer of InSb was 
intentionally forced on top of every GaSb layer before growing InAs with the target thickness of 2.4 Å. 
These structures are originally designed to achieve the cutoff wavelength of about 11 μm.  
 Z-contrast imaging was performed using the Nion UltraSTEM (Kirkland, WA) installed at Oak Ridge 
National Laboratory (ORNL), which is equipped with a spherical aberration corrector. The STEM was 
operated at 100 kV. Atomic resolution strain mapping was performed using template matching analysis 
(TeMA) [86]. For composition analysis, we used the Gatan Enfina EELS spectrometer installed in the Nion 
UltraSTEM, which offers a wide dynamic ranges covering the energy loss signals for every elements inside 
the InAs/GaSb T2SL. The Z-contrast imaging and EELS was performed in the same sample area to enable 
a correlative study of strain and chemical profiles across interfaces in the InAs/GaSb T2SLs. The specimen 
for cross-sectional TEM observation was prepared by conventional mechanical polishing, followed by Ar 
ion milling at 3.0 and 1.5 kV for electron transparency.  
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6.3 Results and discussion 
6.3.1 STEM study of InAs/GaSb T2SLs  
 Figure 6.1 (a) and (b) shows two selected Z-contrast images recorded along [110] zone axis for 
sample A and B, respectively. The location of the GaSb and InAs layers are marked by the grey and white 
boxes at the top of each image. In both images, the thick layer on the right side is the GaSb bottom electrode. 
The dumbbell-like features, consisted of separated cation and anion atomic columns, are highlighted in the 
magnified image in the inset of Fig. 6.1 (a). The image contrast of sample B (Fig. 6.1 (b)) is distinctly 
different from that of sample A (Fig. 6.1 (a)) as the nominal GaSb layers appear brighter in the image of 
sample B. This contrast can be attributed to the interfacial treatment at the InAs-on-GaSb interfaces, whose 
locations are marked by the arrows in Fig. 6.1 (b). The treatment entails a thin forced InSb interfacial layer 
at the marked locations. Since the intensity of Z-contrast images depends on the atomic numbers (Z) and 
In (Z = 49) and Sb (Z = 51) has higher atomic numbers than those of Ga (Z =31) and As (Z = 33), the bright 
contrast in sample B (Fig. 6.1 (b)) thus indicates where In-Sb like bonds are present.  
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Figure 6.1 Z-contrast images of sample (a) A and (b) B recorded at an acceleration voltage at 100 kV. 
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6.3.2 Effect of interface engineering on strain distribution 
 To acquire quantitative information about lattice strain, 2D strain mapping at atomic resolution was 
performed using the Z-contrast images shown in Fig. 6.1. In the Z-contrast image of InAs and GaSb, 
recorded along [110] or [-110], the nearest atomic distance between the anion and cation atomic columns 
is only ~1.5 Å apart. As discussed in Chapter 4 and 5, the intensity overlap from the neighboring atomic 
columns as shown in Fig. 6.1 complicates precise detection of atomic column positions. Using the image 
processing techniques presented in Chapter 4, separate cation and anion sub-lattices are obtained and 
displaced in Fig. 6.2 (a) - (d). The positions of every atomic column in the cation and anion sub-lattices are 
located by the correlation based technique using template matching (TeMA). Detailed procedures of strain 
mapping using TeMA is described in ref [86] and Chapter 4.  
 Figure 6.3 (a) and (b) show the obtained strain maps of sample A and B, respectively, from the images 
shown in Fig. 6.2. These are the representative strain maps obtained by averaging the strain maps from 
cation and anion lattices (Strain maps for separate sub-lattices are discussed later in Fig. 6.7). The strain 
profiles along the growth direction also plotted in Fig. 6.3 (c) and (d). The strain measured here is based on 
the out-of-lattice mismatch of the film with respect to the reference, which is the GaSb bottom electrode, 
in the expression of ɛ⏊ ൌ ሺܽ௙⏊ െ ܽீ௔ௌ௕ሻ/	ܽீ௔ௌ௕, where ܽ௙⏊ and ܽீ௔ௌ௕ are the out-of-plane lattice constant 
of the deposited film and the bulk lattice constant of GaSb, respectively. From the equation ܽ௙⏊ ൌ ܽ௙ሺ1 െ
2ݒ௙/ሺ1 െ ݒ௙ሻሻɛ௙ǁ , where ܽ௙, ߥ௙ are the bulk lattice constant of the film and Poisson ratio and ɛ௙ǁ  is in-plane 
strain of the film, the out-of-lattice constants of stoichiometric InAs, GaSb, GaAs, and InSb epitaxailly 
grown on GaSb are found at 6.0174, 6.0959, 5.2429, and 6.8978 Å, corresponding to the strain values (ɛ⏊) 
of -1.29, 0, -13.99, and 13.15 %, respectively.  
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Figure 6.2 Separate (a) cation and (b) anion sub-lattices for sample A. (c) Cation and (d) anion sub-lattices 
for sample B.  
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Figure 6.3 Strain maps of (a) sample A and (b) B obtained by averaging strain maps from cation and anion 
sub-lattices. (c) and (d) Strain profiles averaged parallel to the growth surface from (a) and (b), respectively. 
The red arrows in (d) indicate where the interface treatment is applied for sample B.  
 
 The measured strain in the nominal GaSb layer inside the superlattice of sample A (Fig. 6.3 (a)) is 
positive with the maximum strain at ~2 %, although the stoichiometric GaSb grown on the GaSb substrate 
should have zero strain. Since As segregation into GaSb leads to a smaller lattice constant than that of bulk 
GaSb, we conclude that the positive strain value in the nominal GaSb results from In segregation during 
the MBE growth. At the interfaces between InAs and GaSb, negative strain values are found. The strain at 
the InAs-on-GaSb interfaces, in particular, is more negative than that at GaSb-on-InAs interfaces. The 
negative strain arises from short chemical bonding distances which indicates the presence of Ga-As like 
bonds that is absent at the GaSb-on-InAs interfaces, resulting in asymmetric interfacial strain.  
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 The strain distribution in sample B (Fig. 6.3(b)) shows significantly different features as compared 
to sample A. Near the top of the nominal GaSb layer shows the  positive strain peak, which is distinctly 
different from sample A, where the positive strain is peaked in the middle of the nominal GaSb layer, which 
gradually decreases as it grows . Even more importantly, the large negative strain peak (~ -3 %) near InAs-
on-GaSb interfaces in sample is absent in sample B. The above results show that the strain profile is largely 
altered by the interfacial treatment of thin forced InSb layer whose location is indicated by the red arrows 
in Fig. 6.3 (d). The removal of large negative interfacial strain in turn indicates the reduction of the amount 
of Ga-As bonds. It is known that Ga-As bonds are undesirable mainly due to the large tensile strain induced 
by its small lattice constant. Additionally, as we have mentioned before, the GaAs-like interface acts as the 
energy barrier for both electrons and holes due to its large band gap and alignment, so that it reduces the 
overlap between electron and hole bands. As a result, the amount of optical absorption is also reduced. Thus, 
the interface engineering employed here have successfully reduced the amount of GaAs-like bonds near 
InAs-on-GaSb interfaces.  
 Lastly, the interface engineering improves the strain uniformity in both InAs and GaSb, which is 
determined by measuring the standard deviation of strain values in each constituent layer (see Table 6.1). 
Especially, the uniformity of strain in the nominal InAs is significantly improved by > 0.2 %, which can be 
seen as uniform green color in the strain map of sample B (Fig. 6.3 (b)).  
 
Table 6.1 Average strain and strain uniformity from sample A and B. 
Sample 
Sample A Sample B 
InAs GaSb InAs GaSb 
Average strain [%] -0.842 0.961 -1.230 1.090 
Uniformity [%] 1.327 1.452 1.096 1.389 
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6.3.3 Composition and strain 
 The composition of the InAs/GaSb SLS was studied by high resolution EELS.  EELS spectra were 
obtained for In M4,5 edges (443 eV), Sb M4,5 edges (528 eV), Ga L2,3 edges (1115 eV), and As L2,3 edges 
(1323 eV) using Gatan Enfina post-column EELS spectrometer. A major difficulty encountered in 
extracting individual chemical profiles in InAs/GaSb T2SLs arises from overlapping EELS edges and the 
extended edge shapes. In order to separate the overlapping edges, we used a multiple linear least squares 
(MLLS) fitting routine, which fits the reference spectra to the recorded EELS data and provides the fit 
coefficients of the specified reference spectra. The reference spectra for Ga and Sb were extracted from the 
GaSb buffer layer while those for In and As were obtained from the middle region in the InAs layer in the 
SLS, where the incorporations of Ga and Sb are minimal. Figure 6.4 (a) show the Z-contrast image of 
sample A near the GaSb buffer with the green boxed area where the 2D EELS spectra is acquired. The 
spatially resolved elemental maps for each element are shown in Fig. 6.4 (b)-(e). The normalized 
composition profiles is obtained by first normalizing each profile to the maximum value and then calibrating 
with the stoichiometric composition for cations and anions, e.g. InxGa1-xSbyAs1-y. The normalized 
composition profiles for sample A and B are plotted in Fig. 6.4 (f)-(i) and Fig. 6.5 (a)-(d), respectively.  
 
Figure 6.4 (a) STEM survey image of sample A. (b)-(e) The elemental maps of In, Sb, Ga, and As using 
the MLLS fitting from the region marked by the green box in (a). (f)-(i) Normalized EELS edge intensity 
profiles of In, Sb, Ga, and As.  
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Figure 6.5 (b)-(e) Normalized EELS edge intensity profiles of In, Sb, Ga, and As for sample B. 
 
 To correlate the composition profiles with the strain measured in Fig. 6.3, we calculated the strain 
(ɛ⏊) using the composition profiles obtained from EELS. The calculations assumed that both the elastic 
constants and lattice constants depends linearly on the composition (Vegards’ law). Figure 6.6 (a) and (c) 
show the calculated strain profiles of sample A and B. There are common features in the strain profiles 
obtained from the composition and those directly from the Z-contrast images using TeMA: the range of 
strain from -3 to 2 % for Sample A and from -2 to 2 % for Sample B and the shape of strain profiles in the 
nominal GaSb. Similar to the strain profile in Fig. 6.3(d), the positive strain peak is found near the top of 
the nominal GaSb in Fig. 6.6 (b), which is attributed to the insertion of a thin forced InSb layer. This result 
is further confirmed by the fact that the amounts of In and Sb at interfaces with forced InSb layer, which is 
defined by where the composition of In and Sb intersects, an increase is seen in sample B (See the red 
arrows in Fig. 6.6 (a) and (b) labelled with compositions of In and Sb). One notable feature in the strain 
profiles is the relatively uniform In composition at about 0.9 in the nominal InAs layer in sample B, as 
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indicated by black dotted arrows in Fig. 6.6 (b), which is distinct from the strain profile in sample A, where 
In composition gradually increases and decrease as InAs grows. Therefore, the interface engineering leads 
to an uniform In composition along the growth direction, and subsequently improve the uniformity of strain 
in the nominal InAs as shown in strain maps in Fig. 6.3. 
 
 
Figure 6.6 (a) and (c) Strain profile from sample A and B obtained using chemical profiles in (b) and (d) 
and Vegard’s law.  
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6.3.4 Defect analysis  
 Next, we performed a monolayer-by-monolayer analysis of strain variations in the obtained strain 
maps. Figure 6.7 shows the anion and cation strain maps for sample A and B and their profiles along the 
out-of-plane direction. The strain variations is then examined by calculating the standard deviation of strain 
values in each monolayer, the results are plotted in the bottom row in Fig. 6.7. These variations in each 
monolayer represent non-uniform chemical bonds, which is mainly caused by chemical intermixing during 
the MBE growth. A part of the variations can be attributed to the measurement precision, which can be 
taken as the standard deviation (~3 pm) of strain values in the unstrained region, e.g., the GaSb buffer. The 
statistical analysis of strain reveals where the abnormally large strain deviations from the average strain is 
measured. We use the outside 3σ from the mean criterion to define the abnormally large strain. The locations 
of abnormally large strain are marked by white circles in the strain maps and red dots in the monolayer 
strain profiles. Two regions (I and II) from sample A and two regions (III and IV) from sample B are 
examined further.  
 
 
Figure 6.7 (a)-(d) Strain maps and profiles from cation and anion sub-lattice images of sample A and B. 
The white circles in each strain map and red dots in each strain profile indicate where the large strain 
deviation is detected.  
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 Figure 6.8 displays the Z-contrast images and atomic models of region I-IV. The atomic columns 
indicated by yellow arrows in Z-contrast images of region I-IV are associated with large strain deviations. 
The Ga atomic column in region I is displaced toward the Sb atomic column, resulting in a shorter dumbbell 
distance as compared to neighboring dumbbells in the same monolayer. The similar features are found in 
anion strain maps where the As atomic columns in region II and IV are displaced toward the In atomic 
columns. In addition, the large displacement of atomic column is observed at the interface between GaSb 
and InAs in region III. The displacement of cation atomic column (InxGa1-x) induces a large strain deviation. 
The displacement of a single atomic column in these locations leads to change in dumbbell distance at ≥10 
pm. According to the results in chapter 5, the large displacement of atomic column with little change in 
image contrast is an indicator for possible vacancy defects which induce a local lattice distortion. For 
instance, the dumbbell B in region III in Fig. 6.8 (c) has about 10 pm shorter distance compared to dumbbell 
A and C in the same monolayer although the intensities for both cation and anion atomic columns of 
dumbbell B are comparable or larger than those of dumbbell A and C. Thus, the displacement of the cation 
atomic column (InxGa1-x) in dumbbell B is attributed to vacancy defects in the anion atomic column (SbyAs1-
y), which is consistent with the results in chapter 5. The number of locations with large atomic displacements 
in sample A is 10 and 14 from anion and cation sub-lattices, respectively. In sample B, 8 and 7 are identified 
from anion and cation sub-lattice within the same field-of-view as sample A.  
 
 
Figure 6.8 (a)-(d) Magnified Z-contrast images and atomic models from region I-IV. 
96 
 
6.4 Conclusion 
 We have investigated the structure of InAs/GaSb T2SLs with and without interface treatment (InSb 
soak) using atomic resolution strain mapping and EELS analysis. Strain mapping using Z-contrast images 
and TeMA demonstrated that the insertion of InSb forced layer at InAs-on-GaSb interfaces markedly 
improves the strain uniformity in both InAs and GaSb layer and also reduce the amount of Ga-As interfacial 
bonds which is undesirable due to high tensile strain and creation of energy barrier for electrons and holes. 
EELS data, which provides the chemical profiles of individual species at high spatial resolution, shows 
consistent results as strain mapping with the increase in In and Sb contents at interfaces and also reveals 
the uniform In concentrations in the nominal InAs layer. Lastly, a monolayer-by-monolayer statistical 
analysis on strain maps enables the detection of local lattice distortion, which potentially indicates the 
formation of vacancy-type defects. A real space analysis based on Z-contrast images and correlative EELS 
data we report here provides detailed information of strain distribution, chemical intermixing, and point 
defect locations at atomic resolution. Thus, we expect the method we used here will be of great importance 
in characterizing the structure quality of T2SLs with various material designs. 
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CHAPTER 7 
STRAIN MAPPING OF INAS/INASSB SUPERLATTICES AT SUB-UNIT 
CELL RESOLUTION 
 
 In this chapter, the InAs/InAsSb T2SL grown by molecular beam epitaxy (MBE) is investigated by 
STEM. Cross-sectional TEM samples were prepared along two different zone axes, [110] and [001] and 
observed using Z-contrast imaging at atomic resolution. Along the [001] projection, the cation and anion 
sub-lattices are separated with very little intensity overlap between the neighboring atomic columns. Thus, 
atomic resolution strain mapping can be carried out directly without using the peak separation process that 
is required to for the [110] projection. The high spatial resolution strain maps obtained enables a 
quantification of anion chemical intermixing in the InAs/InAsSb T2SL. Additionally, we show evidences 
of Sb segregation at InAs-on-InAsSb interfaces from the strain line profile. 
 
7.1 Introduction 
 Type-II Strained layer superlattices (T2SLs) consisting of alternating InAs and GaSb layers are the 
most studied material system for the next generation infrared (IR) photodetectors detecting in mid-
wavelength to long-wavelength IR radiations. This is motivated by the fact that InAs/GaSb T2SLs exhibit 
a significant enhancement of Auger lifetime through band engineering [12]. Thus, the theoretical promises 
have been made for InAs/GaSb T2SLs to outperform the current material system, HgCdTe (MCT) with 
longer minority carrier lifetimes [10, 12, 134]. However, reported minority carrier lifetimes are still 
significantly shorter than that measured in MCT [26] despite the advances in T2SL structure design and 
sophisticated material growth system. Recent reports have shown that in InAs/GaSb T2SLs the Shockely-
Read-Hall (SRH) recombination is the dominating factor for limiting device performance [26, 27]. It has 
been proposed that the native defects in GaSb or Ga-related defects form discrete energy levels that are 
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responsible for reduced carrier lifetime [29], but the nature and role of those defects in T2SLs are still 
unknown. Recently, InAs/InAsSb T2SLs, named as Ga-free T2SLs, are being intensively investigated as 
an alternative to enhance minority carrier lifetimes, and significant improvements of minority carrier 
lifetime and dark current density have been reported for long-wavelength IR InAs/InAsSb T2SLs [30, 135]. 
However, there is a lack of studies for structural and compositional properties of InAs/InAsSb T2SLs, 
which are essential for understanding associated material properties and further improvement of device 
performance. In this chapter, we report on atomic resolution strain and anion chemical intermixing in MBE 
grown InAs/InAsSb T2SLs.  
 
 7.2 Experimental 
 The InAs/InAsSb T2SL was grown on GaSb substrate by MBE at Sadia Nation Laboratory 
(Albuquerque, NM). The T2SL studied here consists of 100 periods of 4.6 nm thick InAs and 1.7 nm thick 
InAs1-xSbx (x=33.3%), as shown by the schematic depicted in Fig. 7.1 (a). For cross-sectional electron 
microscopy observation, the T2SL was cut normal to (110) and (001) planes of the GaSb substrate into a 
thin slice. The samples were then mechanically polished down to approximately 15 μm using diamond 
lapping films, followed by ion milling under liquid nitrogen cooling condition. Dark-field (DF) TEM was 
first carried out using a JEOL Cryo2100 equipped with a LaB6 gun and operated at 200 kV. Atomic 
resolution Z-contrast imaging was performed using a Nion UltraSTEM (Kirkland, WA) equipped with a 
cold field emission gun and a probe forming aberration corrector. The microscope was operated at an 
accelerating voltage of 100 kV to achieve sub-angstrom resolution and minimize the electron beam induced 
structure damages. Z-contrast images recorded along (110) and (001) were used to perform two dimensional 
(2D) strain mapping using TeMA [86], introduced in chapter 4 and 5. Anion chemical intermixing was 
quantified from the strain map using the Vegard’s law. EELS spectra were recorded with a half collection 
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angle of 48 mrad, a dispersion of 1 eV/channel, a dwell time of 100 msec/pixel and a pixel resolution of 
2.1 Å/pixel.  
 
 
 
 
Figure 7.1 (a) Schematic illustration of MBE-grown InAs/InAsSb T2SL. (b) (002) DF-TEM image recorded 
near GaSb buffer region, showing alternation InAs (bright) and InAsSb (dark) layers with uniform 
thicknesses.  
 
7.3 Results and discussion 
7.3.1 (S)TEM study of InAs/InAsSb T2SL 
 Figure 7.1 (b) shows a DF-TEM image of InAs/InAsSb T2SL recorded with the (002) reflection 
which provides chemical sensitivity. The compositional sensitive contrast in (002) DF-TEM images arises 
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from the fact that the structure factor for the (002) reflection in zinc blende structures has the following 
relation [136], 
 
002 4 III VF f f  ,                                                            (7-1) 
where IIIf  and Vf  are the mean atomic scattering factor for the group III and V atoms, respectively. In 
Fig. 7.1 (b), the dark and bright contrast represents InAsSb layers while the bright contrast represents InAs 
layers. The measured thicknesses of InAsSb and InAs are 1.53 and 4.29 nm, respectively. No visible 
extended defects, such as misfit dislocations or stacking faults, are seen over the large field of view, 
demonstrating successful strain balancing during MBE growth of T2SL.  
 
 
Figure 7.2 (a) and (b) Schematic illustrations of projection views of GaSb along (110) and (001), 
respectively.  
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 For Z-contrast imaging, TEM samples were prepared along two major crystallographic directions, 
(110) and (001). Figure 7.2 (a) and (b) show schematics of GaSb viewed along the (110) and (001) zone 
axis, respectively, showing different atomic arrangements. Most (S)TEM experiments for III-V 
semiconductors are performed along the (110) zone axis. Since (110) planes in diamond structures are the 
easy cleavage planes [137], TEM sample preparation is relatively easy. Projected along the (110) zone axis, 
a pair of cation and anion atoms, e.g., Ga and Sb as shown in Fig. 7.2 (a), is seen as a dumbbell-like feature. 
Observed along the (001) zone axis, the unit cell image, marked by the dotted box in Fig. 7.2 (b), consists 
of one constituent atomic column (Ga) at the center and another constituent atomic column (Sb) at the 
corner; those atomic columns are equally spaced from each other, providing adequate separation between 
sub-lattices.  
 Figure 7.3 (a) and (b) displays atomic resolution Z-contrast images of InAs/InAsSb T2SL near the 
GaSb buffer layer imaged along the (110) and (001) zone axes, respectively. Both images show excellent 
crystallinity with no visible structural defects. Since the atomic number of Sb (Z=51) is larger than that of 
As (Z=33), InAsSb layers appear brighter than InAs layers, resulting in alternating layers with bright and 
dark contrast. In Fig. 7.3 (a), the dumbbell image consisting of one cation and one anion atomic columns is 
seen as a repeated pattern, i.e., a basis. In the previous chapters, we use such images and a newly developed 
image processing technique to obtain separate sub-lattice images for atomic resolution strain mapping. Only 
in such way, the intensity overlap can be avoided so that the precise determination of atomic columns is 
made. Strain mapping using sub-lattice images, however, relies on one type of sub-lattices in a dumbbell 
feature, thus we cannot use the information from every atomic column for strain mapping. In this case, the 
unit distance for strain calculation is equal to a distance from one dumbbell to the next dumbbell which 
amounts to / 2a  as indicated in Fig. 7.3 (a).  
 In case of Z-contrast imaging along the (001) zone axis as shown in Fig. 7.3 (b), the atomic columns 
are well separately from each other (see the inset image), thus the effects of intensity overlap on atomic 
column determination is insignificant. For strain mapping using the (001) projection Z-contrast image, peak 
102 
 
separation process, routinely performed for the (110) projection Z-contrast images, is not required. In 
addition, since a single atomic column (regardless of chemical species) is a repeated pattern in this image, 
every atomic column can be used to measure strain. The unit distance for strain calculation is thus / 4a  as 
shown in Fig. 3 (b). As a result, compared to the (110) projection Z-contrast images, the resolution of strain 
maps using the (001) projection Z-contrast images is doubled, revealing fine features of strain distribution.  
  
 
Figure 7.3 (a) and (b) Z-contrast images of MBE-grown InAs/InAsSb T2SL imaged along (110) and (001), 
respectively. The growth direction is from left to right. The colored boxes at the top of (a) indicate the 
position of the GaSb buffer layer and two constituent layers. Insets in (a) and (b) show magnified imaged 
from the GaSb buffer layer. The red and yellow dots represents Sb and Ga atomic columns, respectively.  
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7.3.2 Strain mapping of InAs/InAsSb T2SL 
 Figure 7.4 (a) shows the strain map of the out-of-lattice direction from the Z-contrast image in Fig. 
7.3 (b) obtained using the template image with a single atomic column and TeMA (see Chapter 4 for 
detailed procedure for strain mapping). The GaSb buffer layer, where the strain field is minimal, is used to 
calibrate measured strain in T2SL. From the strain map, InAs and InAsSb are clearly distinguished due to 
the lattice constant difference, where the lattice constants of InAs and InAsSb (the nominal composition of 
Sb is 33.3 %) are 6.0583 and 6.199 Å, respectively (the lattice constant of InAsSb is calculated based on 
the Vegard’s law). Since the lattice constant of the stoichiometric GaSb is 6.0959 Å, the nominal InAs is 
under tensile strain showing negative strain values. In contrast, the nominal InAsSb is under compressive 
strain, featured as positive strain values in the strain map. The strain line profile, averaged over the entire 
strain map in Fig. 7.4 (a), is plotted in Fig. 7.4 (b). Modulation of positive and negative strain is clearly 
seen in the strain map, showing four periods of InAsSb and InAs layers.  
 It is noteworthy that the strain value measured here is based on the out-of-lattice constant difference 
from the GaSb buffer layer and the film ( ( ) /f GaSb GaSba a a    ) as introduced in Chapter 5 and 6. This 
is different from the mismatch strain ( ( ) /m f GaSb GaSba a a   ) arising from the lattice constant difference 
in bulk materials, which is conventionally used in the field of material mechanics. Thus, the stoichiometric 
InAs epitaxially grown on the GaSb substrate results in    of -1.28 % while m  is -0.62 %. In the same 
manner, the strain value of the nominal InAs0.67Sb0.33 on the GaSb substrate is calculated at 3.52 %. The 
ideal strain profile for InAs/InAsSb T2SL with the nominal compositions is plotted in Fig. 7.4 (b) as 
indicated by the red dotted line. The measured strain values ranges from -1 % in the nominal InAs to +3 % 
in the nominal InAsSb. The deviation from the ideal strain profile mostly stems from the chemical 
intermixing between the constituent layers. 
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Figure 7.4 (a) and (b) Strain map and line profile from the Z-contrast image in Fig. 7.3 (b). The red dotted 
line indicates the strain profile of InAs/InAsSb T2SL with the nominal compositions.  
  
 To quantify the composition of each layer, we apply the Vegard’s law using the bulk parameters of 
InAs and InSb [138]. Figure 7.5 plots the relation between the Sb contents in InAs1-xSbx and the strain 
values in the strain map. The maximum strain of 3 % in the nominal InAsSb corresponds to the Sb contents 
at 30 % while the minimum strain of -1 % in the nominal InAs corresponds to the Sb contents of 2 %. 
Therefore, the actual compositions of InAsSb and InAs are deviated from the original design by several 
atomic percentages. The accurate determination of composition is inevitably important because a small 
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variation in Sb contents significantly affects the photoluminescence (PL) transition energies that is related 
to the cut-off wavelength of the device [139]. The mismatch between the measured transition energies and 
the calculated bandgaps should be revisited with the composition data at atomic resolution [139]. 
 
  
Figure 7.5 Calculated strain values (  ) for InAs1-xSbx using the Vegard’s law. 
 
 Lastly, asymmetric interface sharpness is observed from the strain line profile in Fig. 7.4 (b). The 
strain profile near the InAs-on-InAsSb interfaces is more extended than that near the InAsSb-on-InAs 
interfaces. Since the strain values result from anion chemical intermixing, the extended strain profile at the 
InAs-on-InAsSb represents a significant degree of Sb segregation. We attribute this asymmetric interface 
sharpness to the surfactant nature of Sb, a tendency to climb to the surface of the growth front [36, 73]. 
Segregation of atomic species during the film growth results from combined effects of strain- and bond 
energetics and asymmetric nature of atomic segregation is an inherent feature in heterojunctions [73]. As 
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an example, the kinetic growth model has been applied to InAs/GaSb T2SLs, demonstrating that the 
segregation of Sb predominantly occurs at the surface of antimonides [73, 91], which is consistent with our 
results in InAs/InAsSb T2SL. 
 
7.3.3 Chemical profiles for individual elements 
 The chemical profiles for individual elements were studied by EELS. EELS spectra were obtained 
for an energy loss range from 250 eV to 1600 eV recording the EELS signals for all four elements in the 
same spectrum using an Gatan Enfina post-column EELS spectrometer. For the quantitative composition 
analysis, we use a multiple linear least square (MLLS) fitting routine available in the Gatan Digital 
Micrograph EELS analysis package. Figure 7.6 (a) shows a STEM survey image near the GaSb buffer layer 
used for acquiring the EELS spectrum image which covers four periods of InAs and InAsSb. The elemental 
maps of In, Ga, Sb and As are displayed in Fig. 7.6 (b)-(e), representing relative distribution of each element. 
The normalized chemical profiles along the growth direction (Fig. 7.6 (f)) is obtained using the procedure 
described in Chapter 6. The modulation of anion chemical compositions is distinctly seen in Fig. 7.6 (f) 
while the cation compositions are uniform inside T2SL. The maximum concentration of Sb in the nominal 
InAsSb layer is ~ 21 % which deviated from the measured concentration at ~ 30 % from the strain map. 
The accuracy in the measurement of chemical composition by EELS is affected by several experimental 
parameters, such as the collection angle, the displacement of the collection aperture and the sample 
alignment [140]. In addition, the difference can arises partially from low spatial resolution in EELS 
measurement, resulting in the spatial smoothing effect. Here, we mainly focus on the qualitative distribution 
of individual atomic species. From the chemical profiles, the interface asymmetry in the anion profiles is 
observed, with the InAs-on-InAsSb interfaces being more extended than InAsSb-on-InAs interfaces, which 
is consistent with the result from the strain profile. Both strain and EELS results indicate that the interface 
asymmetry arises from the significant Sb incorporation into InAs overlayers. This feature is attributed to 
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the surfactant nature of Sb that causes Sb to segregate on the front surface of InAsSb and promotes Sb-for-
As exchange reactions, which have been observed for InAs/GaSb based T2SLs [36, 130].  
 
    
Figure 7.6 (a) STEM survey image of MBE-grown InAs/InAsSb T2SL. (b)-(e) The elemental map of In, 
Ga, Sb and As using the MLLS fitting from the region marked by the green box in (a). (f) Normalized fit 
coefficient profiles for all elements.  
 
7.4 Conclusion 
 In summary, strain mapping of the Ga-free T2SL has been performed using the (001) projection Z-
contrast image. This image allows for quantification of atomic column positions without separation of sub-
lattice images, producing high spatial resolution strain maps. The compositions of atomic layers are 
calculated using the strain values and the Vegard’s law, showing that the maximum Sb contents in the 
nominal InAsSb reaches at 30 % and the minimum Sb contents in the nominal InAs is 2 %. Antimony 
segregation at InAs-on-InAsSb interfaces is evidenced by asymmetric interface sharpness from the strain 
line profile and chemical profiles obtained with EELS.   
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CHAPTER 8 
SUMMARY AND FUTURE WORKS 
 
8.1 Summary 
 We have presented five primary topics in this thesis on the structure of III-V semiconductor T2SLs 
and related topics: 1) quantification of interfacial chemical sharpness; 2) high resolution strain mapping 
method for III-V semiconductor heterostructures; 3) determination of atomic vacancies in InAs/GaSb 
T2SLs; 4) effects of interface engineering on the strain and composition of InAs/GaSb T2SLs; 5) high 
resolution strain mapping in the (001) projection and its application to the Ga-free (InAs/InAsSb) T2SLs. 
Results in each topic area represent significant progress made in building quantitative understanding of the 
atomistic structures in the III-V semiconductor T2SLs. 
 
1) Quantification of interfacial chemical sharpness: We first applied a pattern recognition 
algorithm to atomic resolution Z-contrast images of a MBE grown InAs/GaSb T2SLs to quantify 
its interfacial sharpness, showing the extended interface at the InAs-on-GaSb interfaces 
compared to the GaSb-on-InAs interfaces. This result was further supported by the chemical 
profiles of individual elements obtained by atomic probe tomography (APT). Compared to 
previous interfacial studies using techniques such as STM, DF-TEM, XPS, and XRD, our 
correlative study using STEM and APT provided the highest spatial resolution of interfacial 
composition and insights into chemical intermixing and atomic segregation in the MBE grown 
InAs/GaSb T2SLs.  
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2) High resolution strain mapping method for III-V semiconductor heterostructures: We performed 
2D strain mapping of InAs/GaSb T2SLs on atomic column basis. The atomic resolution strain 
mapping was achieved by first separating cation and anion sub-lattices images to mitigate the 
intensity overlap effects, which is routinely observed in atomic resolution Z-contrast images, and 
then using the correlation technique based on template matching to determine the position of 
individual atomic columns. From the strain maps, we obtained following information about the 
interface chemistry, atomic segregation, and lattice strain:  
 Tensile strained interfaces, indicating a significant amount of Ga-As bonds at interfaces; 
 In segregation into the nominal GaSb layers as evidenced by the measured compressive strain; 
 A quantification of the layer-by-layer strain uniformity. 
The new image processing approach that we presented here provides the measurement precision 
of atomic column displacements at 2~3 picometer.  
 
3) Determination of atomic vacancies in InAs/GaSb T2SLs: Through a significant improvement of 
measurement precision at picometer scale, we detected the atomic vacancy defects in InAs/GaSb 
T2SLs, which causes the displacement of neighboring atoms near vacancies. We demonstrated 
the following achievements in the study of atomic vacancies:  
 A statistical analysis of strain obtained from an accurate measurement of atomic column 
positions in the recorded Z-contrast images allowed us to detect unexpectedly large 
displacement of atomic columns. A comparative study between experimental and theoretical 
strain profiles obtained using the first principle study was utilized to confirm that the atomic 
column displacement (greater than 10 pm) results from vacancy-type point defects. 
 Applying this method to separate cation and anion sub-lattices, we detected both cation and 
anion vacancy defects in T2SLs. 
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  We have precisely determined the location of vacancy defects within the T2SLs. The 
vacancy defects predominantly form at or near the interface, where the strain gradient is large.  
It has been suggested that the point defects significantly promote the carrier recombination, 
thereby reducing the minority carrier lifetime in T2SLs. Therefore, such information as the 
type of defects, locations and strain field near defects, is of great importance in understanding 
the discrepancy between the theoretical promises and the actual device performance of 
T2SLs in general.  
 
4) Examination of interface engineering on strain and composition in InAs/GaSb T2SLs: The 
interface engineering method studied here is a thin InSb layer forced at the InAs-on-GaSb 
interfaces during the MBE growth, which was employed to achieve better strain balancing. We 
performed strain mapping and EELS, and obtained the following effects of the interface 
engineering:  
 From the strain map, we confirmed that this interface treatment led to the compressive strain 
near the top of the nominal GaSb layers along the growth direction.  
 We also quantified the strain (or composition) uniformity of constituent layers in the T2SLs 
with and without the interface treatment. Results show that the forced thin InSb layer 
improves the strain uniformity of both InAs and GaSb layers. In particular, the strain 
uniformity of InAs is significantly improved by the interface engineering.  
 The chemical profiles of individual atomic species obtained by EELS verified that the In 
concentration inside InAs layers in the T2SL with the interface treatment is uniform, which 
correlates with the strain uniformity.  
 Lastly, it was found that the number of locations with potential vacancy defects is less for 
the T2SL with the interface engineering compared to that without the interface engineering. 
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This result correlates with the reported longer minority carrier lifetime from the interface 
engineered T2SL [124]. 
5) Improvement of resolution of strain mapping: The preferred TEM imaging condition for the zinc 
blende structures is along the [110] zone axis projection. Because of the sort distance between 
atomic columns at / 4III Va   or close to 1.5 Å, high resolution imaging along the [100] projection 
is difficult using conventional TEM. However, this projection has the advantage of providing a 
larger separation between the cation and anion atomic columns than the [110] projection images. 
The peak separation is sufficient that strain analysis can be applied directly along the [100] zone 
axis as long as the image resolution is high using the aberration corrector. In addition, the 
resolution of strain maps is higher at 1.5 Å. Applying this method to the Ga-free, InAs/InAsSb 
T2SL, grown by MBE, we quantified the anion chemical intermixing in this superlattice. The 
results indicate that the maximum Sb contents in the nominal InAsSb layer is close to 30 %. In 
addition, from the strain line profile along the growth direction, asymmetric Sb segregation was 
identified, i.e., an extended Sb distribution at the InAs-on-InAsSb interfaces. 
 
8.2 Future works 
 Future efforts on T2SLs should focus on identifying and reducing the mid-gap SRH recombination 
centers that is the major technological barrier in the applications of T2SL photodetectors. The point defect 
analysis methods demonstrated here based on Z-contrast imaging and strain mapping can be applied to the 
full-device structures of T2SLs. Combination of defect analysis with electrical characterization will be the 
first step to achieve the goal of identifying the mid-gap SRH recombination centers. To reduce the point 
defects, a comparative study between various T2SLs with systematic designs in growth parameters are 
required.  
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 The growth of T2SLs using MOCVD is also an important research direction because it is the 
favorable growth method in manufacturing thanks to low cost and high yield production. A comprehensive 
structure and composition analysis applied the MOCVD-grown samples can lead to significant gains in 
understanding the evolution of thin film growth in MOCVD compared to the MBE-grown T2SLs (with 
same design).  
 We have learned that the interface engineering using forced thin InSb layer played a vital role in 
improving and controlling the device performance of the InAs/GaSb T2SLs. This promising approach needs 
to be further investigated, especially whether such treatment can be also utilized for the Ga-free T2SLs to 
further enhance the minority carrier lifetime and the subsequent investigation of structures with the methods 
in this thesis can be followed.  
 For the future microscopy works, further improvement of measurement precision on strain is possible 
with the help of the post-data processing techniques such as averaging a series of images [141, 142] and 
refinement of atomic positions using a statistical method [143]. This will provide improved sensitivity on 
detecting atomic displacements and help to sort out the origins of specific arrangement of atomic structure. 
Lastly, thanks to an aberration corrected STEM, the depth-of-focus is reduced significantly, thereby 
increasing the vertical resolution limit along the sample thickness direction to nanometer scale. Hence, the 
through-focal series imaging allows for the detection of atomic column displacements in three dimensions 
(3D), which enables the 3D information of strain distribution.  
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